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SYMPOSIUM ON THE “PHYSICS OF THE SOLID STATE” 


iNTRODUCIION 

By 

K. BANERJEE 

{Department of Phyties, UtUversity of Allahabad) 

'The Physics of ihc. Solid State has in recent years engaged considerable attention 
«>f physicists and chemists, due to tremendous developments iit various fields. Xn fact, 
solid physics includes such a wide scope as would naturally render i| an unwieldy 
subject for a sym^iosium. However, the stud^ of any branch of solid physics is 
profoundly influenoHl liy tlic results obtained in other branches. The puipose of 
the present symposium is to bring the problems and results obtained in the efififerent 
branches together so that the workers in different spheres may mutually benefit each 
other. 

Crystals fascinated early scientists on account of their natural shining surfaces 
with which they arc bounded. With the discovery of X-ray diffraction a way was 
found for determining the arrangements of the; atoms and molecules inside crystals. 
It was stKwt discovered that most solid sul)stimc<;s when studied by X-ray diffraction 
show«l periodicities in the internal arrangements which arc characteristics of cry.stals. 
Thus crystallinity is a much more universal property of solids than suspected before. 
The knowledge of the arrangements of atoms inside a crystal naturally led to attempts 
to understanding the physical properties of solids on the basis of the mutual interac- 
tions of atoms in the lattice. 


After lome initial sncccijses at determining the »truf ttirr» .,1 i t »l.r fmhkm 

was found to be more and more formidable a* more and mote n.ni|>lr» m.4rr,ile» 
were confronted. This i* because of the (.xa that tUrre u mi way . 4 swmwdmg 
straight from the measured reflected intemitirs to the diunbutmn rlrctroiw msidr 
the crystals that give rise to X-ray reflections. It was »h..wri by lii agg *»« tbr 

periodic distribution of the electrim density inside a crystal ma W .r|ui.rotr.i bv 

Fourier series of which the amplitude urms are obiamabir bow the rntm 

shies In the Fourier scries, however, each term itiditdrs phase which r.,t»not S.r 
obtained from the measured intensities. Although in t ri,ii.wywwrtf it .,! t rystah. 
the phase of any term may take eiihei of the two values b and w. rvrn tlirti the 
ambiguities become too numerous to make any direct synthesis p««»i!dr. t »n tiie 
other hand if we consider the atoms that are the conMiinrnl* of thr nmi m U <d 
crystal, the problem dot!S not appear to lie so formidable in not f«i«» cotnpir* a sidi*- 
tance. We may assume as a first approximation that the lonsniwni atom* are 
spherically symmetrical and their scattering power* ,it variwi* *ttiglr» arr h««wii, fw 
the parameters to be determined are, only the coordinates of the varoom .itoin*. If 
the number of planes for which interttity mcasnrewrnl* arc av.tii.ildr r«rrib the 
number of unknown parameters one «*n apply the ttirtlnsl of trial ami eiroi »,e. to 
choose the unkown parameters, for which the cakiilatril intensttir* watch ilir 
observed ones. The most natural proccedure wouUi lie to nolve die rijiMiion* that 
relate the atomic parameters to the structure factors. Uni apait from tin- ddlM iillies 
of solving "such equations the structure factors are not known with ndlirirni areiiracy 
as to warrant a correct evaluation of the atomic parametri* by the wdnlion of 
these equations, If however, the iiumhers of avaibihle inirnsiiy tnr,i»nirinrni» air 
sufficiently large compared to the luiiidier of unknown pariiinrirt* it iiwy l»r |»»«i»ildr 
to set up a number of equations as well as inenualiiy relation* wiiong rhr iirnrinrr 
factors from which m favourable cases it might be possibk' to li* ilir |»ti4irs of ihe 
Fourier terms uncquivociilly. 


The method of trial and error however, still 'emaiitt fuiubimrnially the tiirthiai 
of structure analysis. This is carried out in two stages, At first a prrhininaiy rough 
structure is olitained from chemical consideration* anil matching by trial liriwrm ibe 
calculated and the observed intensities. In the next stage improvemeiit* in l‘oiirier 
synthesis are successively attempted liy maiupnbling the pha»r» of the Fmiriri 
terms. In the first part of die trial, the physical properties e,g. magnetic and oittit^a! 
anisotropies arc occassionally of great aid. I’atlcrstin showcil that thr vector* 
extending from tltc origin to the. pcab in a lumrier xmimiaiion in which the wpiair* 
of the structure factors arc the amplitude terms, represent thr tnirtatomir rlistiincr* 
in the crystal. In cases where such peak* are disccrnililr the inlrratnrnic vrcior* are 
obtained from them and in many favourable case* the atomic pariimrti f » way lie 
deduced from these vectors. More recently inrihtKls have lirrn evolved bn inirini" 
fying these peaks and great inprovements have also been cariird out bn drtlwcwg ibr 
atomic parameters from these vectors. 'I'hesr improvements bavr enablrd crystalb 
ographers to probe into the structures of greater ami greater Complexity, 


As regards the second stage, improvements have been alirinptrd from various 
angles. Since the direct methods as we have seen above rlo not b ad u» far, the 
most important devdopmeiitt have centrcrl round the rnethmls of car lying wit iw 
quick Fourier summations a.s possible so as to minimise the enoi mous tune and labour 
necessary to_ carry out Fourier summniions with different phase cowbiiwtions. 
Various special types of computers have liccn devclojjerl for tlic puriiwsr #i» also the 
•versatile commercial electronic computer* have Imcn atlaptcd for the pin pose, •llie 
method of Pepmsky and the optical methods originally drvclojieti l>y ttragg way In: 
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specially menticwied. On the other hand very useful methods have been found for 
testing the improvements obtained in the successive trial syntheses. The difiFerence 
synthesis of Lipson and Cochrane is of great importance as it indicates where improve- 
ments are necessary in an actual synthesis. It is highly encouraging to note that the 
structure of even so complicated a molecule as protein has been tackled with a 
''onsiderable amount of success. 

Knowledge of the internal structures in crystals opened up the possibility of 
understanding their various physical properties, such as the elastic propet ties, specific 
heats etc. The studies of diffuse reflections in Laue photographs have yielded a very 

convenient wny of testing these ideas ahd thus a very fruitful method for determining 
the elastic constants of crystals have resulted from these investigations. These 
surements again are expected to lead to further understanding of the origin of the 
various physical properties of crystals, In fact Raman and Visl^anathan have 
drawn attention to the necessity of a modification of our basic ideas of crystal elasti- 
city, The studies of magnetic properties of crystals have yielded a wealth of informa- 
tions regarding the fields inside crystals which are responsible for their varicms 
physical properties. 

There has been a realisation in recent years of the profound importance of 
imperfections and trace impurities on a number' of physical properties particularly 
luminescence and electrical propertia. Discovery of transistor action has revolu- 
tionised the elcctrohic tcchniqueis. It would be very interesting to see whether extra 
reflections in Laue photographs of nonthermal origin can throw any light on the 
imperfections that arc of so great importance. 

Another fascinating line of research that has developed during recent years is 
the study of crystal growth. Very interesting results have liecn obtained regarding 
spiral growth of crystals by the phase constrast microscopic methods, rhese studie? 

will help us in understanding the nature of crystalline forces. . 

The above is only a cross-section of the huge development in the physics of the 
solid state that has been taking place. The papers that follow will present some of 
the very interesting aspects of the problems. 
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THE POLARIZATION FIELD IN AN IONIC CRTSTAI. AND ITS 

influence on the reststrahlen frequency 


■Sir K. H, KKISHNAK. Ht > . * !*• >» 

National Pkytiial iMhmatoty o/ Intlm, A*« Mhi 


AimTRAtn 


ffilrtalilh? ookrbMbn may J«r rrH»ft(c«l ** <*«»’ pw«« l«w»«wl ** <•** 

S ircmta? w tJarkation ihcre will iwwr Ally Imt » #*!*.«* 1 1 ». tui* 

ftl the iah. tkdina to incrcat il.U tJUttlarptnrttL Knowlit* ilt« rwetty 

t^a !maU diiol«emeni?oM ohviowly oltlafm «l» r«M«r*Hlt*« (iriiw«r» .4 ilw iiyMpI >*• 

Ihu J>Menil.l liowevrr. t»»c ha» '« inch»‘J« »» »*WHl«n »« »*>* • »«»•»*« 'h* '*«*. *» 

the Coulomb and S’ wp'hion inietactioni iH'lwren »l»c l‘«*. alw »!»«• •»>*w *»» *tw 

filw in effwilno thl» diiolat emcni If the lat'rf vKtrk wr»« «•»« iftrtafliftl, ih» fnrtnwftry that • »*«■ w«mM 
get wGuld ^ thatof Ihe^mtisidual diM*lri Irt.iti ttfte aintHirr. t*tirrr»» <»Mr fnlMtAh!. « Irttfirmy 

fs that of the a^mblaaeof iiudi dli«»lei>. OwtOR K- thrk HUnm »>«»• «• tl# ‘h* 

latter frequency may l>c*matkrdly different tu.m that <.l tlx- iwtUted H t» llwM 

!nlera«mn« that arc taken int.i at < otiiH wbri. tliee«e<i»! Kw IwM t» >»• Wed iii i».f 

cakulation of the potential cnetRy. 

The characteriitic fiequetutei timt a)ijw»f iit itif wdl known l>tn.lr fnftmiU l«» dupwtnn are 
theretonaneefrequencia of the mrdwm. tn wUi. h the ellVrl .4 ilte ,»4»r,M»» « 14 hatWn 

eluded automatically, and hence the ft«»itila will 1« ,.fg«t.*:eAl vaittlily .frr.pe. tiee *4 ifye fiMtfitl.wk nf 
the polarization field acting on the .an illamri. On the niher hand In the 0»mtu l<w*w*hi, in whtrh 
the polariiaiicn field ii taken Into afcttuni ntplirity, itw th»»»« ie«i«it« ir».|.»e»» tea that «*t ar »}« 
those which the oicilUiori fonitiiuting tltc medium wtmid Iiay* if they hail Iwrn iwilaird tm 

another, i.«., if there had been no polariaation field to inihtence ilwm 

The naner ittcludei alto a diieumioii on the nature of the palmmtim fiM in nmh rrywaK 


1. INTROnUtlTION 

Some years ago we cakulated the iVtiittriify nml the ittth,ttmj.imt»> *.| ihr 
polar osciUatioM of the alkali halide ciystaU (Krishitini itiwi Huy l*tf»ii nh, l*!')}] 
on the basis of the following simple inttdel. The positive and iitr negiitivr t>m$ 
in the crystal lattice arc regarded as iield i«t their rrsiYrctive posiuons of rtpttlthriiitit 
by the electrostatic and the repulsion inleractiiuts hrivverii die tons. Whereas the 
electrostatic interactions are long rattge ones, the rrpttlsitin iiiteriti liotts are pritilieaUy 
confined to the adjacent Ions only. Now tlisplaettig the lattite of positive ioiu in the 
crystal with respect to that of tlie negative ions Ity a small disUmer r, the poirniial 
energy due to such a relative displacement may Ite reiidily rakutated on the hasi* 
of this model, and expressed as a power aeries in r, in whkft, owitig to theimirr of 
symmetry of the lattice points of the crystal, the terms involving the «4ld j»*wrrs of r 
will he absent. The coefficient of the y' term in this expressioti will ohviotisly tleiei' 
mine the frequency, and that of the r* term the anharmjtnicity, td' the |n*hii oscilk- 
tions of the crystal. For most of the alkali halides, the frerjurney lint* ttl tiiiinetl was 
found to agree closely with the known reststrahlen freqtirncy of the eryitil. It wn# 
further found that the sign and the magnitude of the anharmonteiiy e,tletiktfd in 
this manner for KCl crystal fitted well with the kn<»wn tlecrease of the s{»eeilic heat 
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of the crystal at constant volume with increase of temperature at high temperatures. 
Among the alkali halides this happens to be the only crystal for which such specific 
heat data are available. 

Now the relative displacement r of the positive and the negative lattices 
naturally leads to a homogeneous polarization of the crystal, and in calculating 
the r* term in the expression for the potential energy we had to take into account, 
in the paper referred to, besides the electrostatic and the repulsion interactions 
between the ions, separately the work done by the polarization field also in effecting 
this displacement. 

A question has been raised in the course of some discussions on the subject 
whether in considering the electrostatic interactions with all the surrounding ions 
in the crystal, all of them occupying their respective disp^laced positions, the effect 
of the polarization field also has not been indirectly taken into account. The answer 
to this question is an unambiguous one, namely, that in calculating the reststrahlen 
frequency one should take into account explicitly the effect of the polarization field, 
in addition to taking into account the effect of the electrostatic and the repulsion 
interactions. Even so, the very posing of the question points to the need for a 
further elucidation of the issues involved. Such an elucidation incidentally helps 
also to clarify some of the basic concepts regarding the nature of the polarization 
field itself. 

2. CALCULATION OF THE RESTSTRAHLEN FREQ,UENCY 

Since our main purpose is the elucidation of the basic issues, and it can be 
done with any typical crystal, we shall confine attention for the present to a crystal 
of the NaCl type. Again, since we are concerned here with the calculation of the 
frequency only, and not its anharrnonicity, we shall retain the r» term alone in the 
expression for the potential energy. Knowing the potential energy W per pair of 
ions, the frequency of the polar oscillations of the crystal may be readily obtained 
from the relation 

W = r\ (1) 

where o>o is 2ir times the frequency, and is the reduced mass of the ion-pair. 

Considering now the calculation of W, it is found that the contribution to W 
from the electrostatic interactions between the ions is nothing, owing to the centre 
of symmetry of the lattice points, and that from the repulsion interactions is given 
by Uj where 

a, - 3/(2 N pd^)- a e'^ (8_.2)/(6d») ; (2) 

d is the distance between the neighbouring ions, a is the Madelung constant, JV 
is the number of ion-pairs per unit volume of the crystal, ^ .is the compressibility, 
and 8 is a number which defines the repulsion interaction between two adjacent 
ions as a function of the distance of separation R between them : 

<f, r.-= A exp (-8 Rfd). (3) 

Now the relative displacement of the two lattices will produce a homogeneous 
polarization in the medium, both directly as a result of this separation, and indirect- 
ly by polarizing the ions themselves, t.e , by displacing the electronic cloud in each 

ion relatively to its nucleus. As a result of this polarization there will be a polariz" 
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iiiinri fie'W rill i!r wliirli will l.w m thm wilt MIp liir iiiitter 

rrlativr ir|>iinii*iii **f ihr ^ llrurr i«it! W Iii,||ii im 

«ltflilllf tir flPlrlilbi riirruy *1' trijiiiirii llfr f^f:tfe|f,ali|rf| 

irfqiinH‘'y w'illi llir liriji .Ml'r«jii*iiiMn fl|* 

Lft Hr Iw* llir tpr.il pibiii.-ai^»«s |»ri 'mm v,.4p^ti#p I'htn jdl* mill Itr tlip 
tir|i,! *ii:iiii|| hii iiti p*ii, ^ n. tip fi<‘"i4 iiici-wr, '|1ic 

grirrripiiifiifilf cpfitriimiipri i.p i!ir vail ht 

Pi 

V,4if rr « tllP r4 llir rlrrlf^^fpr- jlfin:# llir iiri af llir 

|iritrsiliiit citrrir^V |^rr p,iif' mI 4nr P* iIk # :'4 ili.*** 

will hr ^ivni hy 

U" ' #4 f* «| f», i.iv. |S| 

\Vr ^lliilt «|iiplr lirfr pf' llir m«i|Pf ir%i$!|f ^ihU%m-e4 si# lt#r frlrfffll 

til, rrhiliilg tp ttir fjtpiiililiri iiiV^4rr4 ill Ik ^irl irlri-riil 

U Hiiicr llir irliilivr f *4" stir iw.«» i>dlirr'% it fiiiAlj in ■r:alt'rf»f itPii 

with ihr iiilri ''iPliir rlpl.ililT 4* llir lirliiilrii ’sliyrltirr *4 llir iliir |rf |fiii 

ili^ijiliimiiriit r,iiriTi|'lPlph Ip Jil rai:|« piiiii of llir hillirr i'4' a 

jiuiUlriipptr. nl liiPitiriil rr, ift i,jii'ri'i$^»*i tl'uil r 

2. 4ll'r iirl<l HSl|'$ llir Inipr 4r’i|»lrtl'rilirl'slS f %% i-n i*is||||| 

III ll.iVr llir LpitiiI/ v.itur. iniiiirh, 4 w '} iiinr^ «l*r |#r | '%'i4wilf\ 

wllirll 1'^ hr lW|'lrl lr4 ’^illirlhr tur^PIfli l4PW j 4 |v',«p||i ^*<p::'i|Jiyi|||| 

itir pimlti «4 »* "iiliililr riihif hillirr^ aii4 i %%lii#.:ii ir4 |p 

llir fitrl*»r 4 i"«.iiirrijirrl ^jiw^ciiirallv with 4m 

li II Wil!i flirtlirr ir»lltl4 llkll llir frkll%’r fJiijihlCritiriil «4” li#r l#|lft::ff t:|«rl 
Hill illilitcr lifiy rlrrirpiiic in llir IPII;^* hnirr ilir fisfi^irifcilkill 

|K^r iiiiii viilttirir ii jti^i #rf. 

Thf rKl^riti'iriilisl rviilmrr fur llii^ llir pi«rr%"r4 frif,iif,»lilrii 

frr<itiriiry wti;il 4iPiil«l hr ri.|ifrir4 if ijir i«»i4i |w4A'iti^4ilir*fi r*f'’ ihr iiifcliiini 

Itsicl irrii Mff jirr will vnlninr, ^i|ijirrrMi4r rirctiPiiir linliirrij 

iiy tlir iiiriic: ilii|*hirriiirfil¥ r, wpishi li;ivr Ipwriril rprrir:ji|ii'*W'|ifi||;|¥ iJir t'C'%l;^|f 4 itiirii 
trr«|uriiry lirhav it’% phirrvrii viiliir, 

In ifilirr tlir 111111114 ! iiilrr^rlipm ti»iwrrii ihr tlis|i|iit'rtiiriii 4i|w4ri i 

ctirrri|>i»ftct t« 4 |itikriMli«ii firht hirinr /#.■.. 4wf'h itir Wli^rrii 

tlirnf i;ri{i*4r?i niicl llir rtrrir«iiiir chnitl nf ihr i«»iw cp|f'r-:^|i»#lt';| |p h iliir 

In lltr fnllnwitm rirciiriishiticr. llir jHiiliirk.iitnn rlnr ip itir ili^inhir'rtiirni «f itic 
flrcirctfik ctniitl with rriiiirri tn ii» tinrlrtii i;4niipi hr fr|ihii,cil i*yai |»pifH'«li|«4r* 
rxcepl fnr tl*4 rflVct M h'lr^r ihsiiiiirr^, '"llir rmiriii %4 nvrihu'i '*** rlrCIrwiik 
cUmcls nf Ilf iglilwiir trig mm i« rilivimtily iinrli m in iinifer liir iiiiri^ilinti* iiivnl* 
ving rkcirniiic fitilnriwilinns. 

In view nf tlirse fiiwliiip, mir iihhiiiw 

ir #f*r* |ij) 

The rffWriilikfi freiinriicki *if all ilir iilkiiit tnitiilr rt'Vii*ilt 'Wfir ill itiii 

maiiner iitiii^(l)anc! (5),^ in (fi) rinitkitlv‘ ilir ctii 4 ifihii!i«ii , 1 / imm 

the pnlarifiatiiiii field tn ilie fwiirntbl energy. 1‘lir eulriihilefl lrrf|Mriiriri %vrrr fni*IMl 
10' agree well with the observed onei. 
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3. tHE rfetatJBNaiS mVOLVW IN TSE pISPfeRStdii 
fpRMULAE 01 DWPE AND LORENTZ 

Just as one obtains from the poWntial energy a certain frequency ^ 

which can be identified with the tesofiani* freqweney of the crystal, one 
calculate another chairacteristic frequency Do the cxpr^sion - air using 
a relation analogous t6 (1). The ditfcrcnce between »o and Do is that m calcul^ 
ting the former the ciitribution to the protential energy from the polarization fiel 

has-been included, Xrcas in calculating Do this igw^^TeSsf n' 

ed As was shown fey us in some later papers (Knshnan and Roy 1952, 1953; Ho 
Sso has a physical significance. It is the frequency which the individual dipoks 
lo(^tS at the lattice points would have, had they feeeii isolated from one another as 

distinguished froii the reststrahlen frequency which is that of the asse^lap 

SSmSS" That th. Uu»cy. y of ^ 

fmm the freouencv Ha of the isolated dipoles is ihdeed to the expectea, ana is aue 
m the mutuTint^^^ of the dipole^ in the .assemblage. It was further shown 
S the mners rcfwrcd to that the effect of their mutual interactions on their frequen- 
So effect of the polamation fieU in the attemblag. oa the 

frequency. 

This manher of distinguishing between o>j. and Do throws new light on the 

wcE-known disptoion formulae of Drude and Lvorentz. The^impi^caSe 

ed here with illustrating the basic results, it will be convenient to take the simple case 

when the medilim has just one frequency, namely, the 

the corresponding frequency of the isolated oscillators calculated from iti OiT 
being Do- Now the dielectric constant of such a crystal for any applied frequen jr 
<0 is given by the relation. 


K 


1 + 47r*, 


( 7 ) 


where e is the pto.ien that would he 

in the medium’ a? usually defined. If T momcm 

oscillator per unit field incident on it, then obviously 

_ W 

The effect of these interactions on*, and hence also on if®, can be taken into 

account in two alternative, but equivalent, ways. 

1. The actual field producirig the ""nof 

the medium, Still regarded as retaining its natural ^ ^ ^ 

in the medium, say E, but will be greater by j rrxE, so that 

( 1 + 171 *)=-^^ + 2 )/ 3 - 

The expression for then takes the well-known Lorentz form 


( 9 ) 




K 2 

<0 


‘ TT iV- 


K^o*— "') 
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fa. J III Hjiirji iiiyfiLil iiitr|^Hl^4ii liritorrii •! v i 
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One can also approach the question from certain direct considerations regard- 
ing the mechanism or the polarization field; Consider a medium of induced point- 
dipoles arranged in a simple cubic lattice- Consider one of these lattice points, say 
O. Now the field in the medium E as usually defined, is that at O when it is made 
the centime of a very thin long cylindrical cavity scooped out of the medium with 
its axis along the direction of the polarization. Hence E will consist of the applied 
field, if any, and the field due to the charges developed on the surface of the medium 
as a consequence of the polarization of the medium. The surface charges, and 
hence the field at O due to thbm, will obviously be determined by all the dipoles in 
the medium, including that at Q also. On the other hand, the inner field Ei , again 
as usually defined, will be the field at O when the dipole at O is removed without 
disturbing the surrounding dipoles. Obviously the difference between E and Ei is 
this : whereas the former includes a certain averaged self-field at O due to the 
dipole O, the latter does not include it. Since this self-field is negative, E will be 
smaller than The excess of £/ over iS is by definition the polarization field. For 
a cubic distribution of point-dipoles, as Lorentz has shown, 

El = E^^it xE, , (17) 

where xE is the total polarization per unit volume. 

Now one can readily appreciate the equivalence of the two alternative ways 
described earlier in this paper, of taking into account the effect of the mutual 
interaction of the dipoles. Consider one of the dipoles say the one at O. It may 
be regarded as having the frequency Qo and placed in the cavity, created by 
removing the dipole at O, and thus subject to a field E[^ or alternatively as being 
an intergral part of the medium with its frequency the same as that of the medium, 
namely oq, the field that determines its polarization being now the field in the 
medium E, The difference between Ei and JS, as we have seen, is | tt times the 
polarization per unit volume, i. e. | TT Net, 

One thus obtains the relations 

from which one furtlier obtains 

a—ai (E—E!) elr=:—^irNe^, 

which is just equation (6). 

The relations will again be consistent with the expression for the potential 
energy per unit volume of the crystal due to the relative separation of the lattices of 
positive and negative ions, namely, 

(Jo— 1) £»/(8Tr), (20) 

from which one obtains 


|(18) 

(19) 


I rt'— , 

which is just relation (12) in the relevant special case when w=0. 
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charges to be correspondiiigly smaller thaa | « | in magnitude. There are some 
major difficulties in accepting this view. Apart from the difficulty of determining 
theoretically the rnagnitudfc of the overlap, and thence the effective charges on the 
ions, the polarization field associated with the electronic polarization is known from 
other phenomena to deviate considerably from the Lorentz field. For exmple, 
considering the temperature yariation of refractivity, which is practically the 
variation due the change in density accompanying the change in temperature — it is 
found that the terms involving the electronic frequencies behave very differently 
from the term involving the reststrahlen frequency. 

From a detailed analysis of the experimental data for the dispersion and for 
Its temperature variation, in the alkali halides, Ramachandran (1947) found that in 
the expression for dK 0 jdt the term involving the reststrahlen frequency aij is propor- 
tional to l/("o* — whereas the terms involving the ultraviolet frequencies*^<i)i are 

proportional to l/(<<»i®— w*/, which points to a marked difference in the behaviour 
of the two sets of frequencies. The difference can be attributed to the reststrahlen 
^cillators being practically point-dipoles, whereas the electronic oscillators arc noti 
The result will be that the polarization field corresponding to the mutual interactions 
of the reststrahlen oscillators will have just the Lorentz value, as we have seen 
whpeas the interactions between the> reststrahlen oscillators and the electronic 
oscillators, or between the electronic oscillators themselve, would be much smaller. 
Actually the experimental finding quoted above, obtained from the temperature 
variation of the dispersion, points to the interactions involving the electronic 
oscillators being negligible. This was precisely also the conclusion to which we 
were led from the magnitude of the contribution to W from the polarization field, i.e. 
the magnitude of a.^ required to explain the observed reststrahlen frequency. ’ 

Indeed all the observational data receive a natural and quantitative expla- 
nation on the basis of the approximation that the effective charges on the ions 
are just ±,e and that the whole affect of the overlap of the electronic clouds of the 
. neighbouring ions is to suppress completely the interactions between the reststrahlen 
oscillators and the electronic ones, and also those among the electronic oscillators 
themselves. On the other hand, the mutual interactions between the reststrahlen 
oscillators among themselves are considerable, and correspond to a polarization field 
having just the Lorentz value. 
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ON THE STUDY OF ELASTICITY AND SOME OTIIKE FRO* 
PERTIES of CRYSTALS BY DIFFUSE X-RAY REFLECTIONS 

W. A. WOOSTKR, A».W. 

Cryitalbgraphic lAbortt(my, Catvmliih lAbmimy. €m>W^d%f, 

Cmmuttit «lri! l-y K. 

{ibad ut iht Silver Jubilee Stssian al thf Dnivitti^y LmknM ^ «« Ihetmbft i9S5} 
During the lsi*t tlcotlr rr»rareli»'« ihr mr thiliwrly rrllrclwl 

X-rays have heen carried nut in varinns Ia!»'>ratMi j)"» in didrrenl «'#. I He 

work of these lahoratorirs Iws l»ecn In a large e*»ent cnndeitiefitafy. In Cltinhridgc, 
England, we have conemti atnl maiiily on the »t?idy *»f rla»iir jwnjirrtics inn iiawe 
done some work eonnecird with defect* in thr rrgohu ity of tin- atoinifc ariiingrtncHt 
and it is mainly with thes;; rrsearchr* that th« article »» c^mrernrd. 'riie rrsiili* 
were worked out in terms of the currently accff«ed thf«*ry «l crystal elasticity 
and in this article no departure from this piwntetion will In’ made. However, 
recent work by Laval,*'* Ic tkirrr*-*'*'" V'Uwanathan,’;* and Raman ^ Mid 
Viswanatiian*'*® throws doubt im the validity of the *dd ilieoiy and a rrvisi«in 
of part or the whole of the interpretation of the rn jtei iim iital data may he 
necessary, 

Experimtntal technique 

Methods of measuring the intensity of X ray heann have itertt worknl out 
over the past forty years, 'fhe study of Dilfusr rellr«ti'»ns hasimi h m common 
with the measurcrucut of normal llragg rrfteciions. Thr mpfi ud iejiimrs ol 
diffuse reflections are (a) weak intensity and ih) i rlaiivrly wide angoLn distiihulion. 
The intensities to be measured are usually severid ihousan I tiorr* w ak'i r than 
a Bragg or Lane reflection and this makes the lime reo Hired for niakitig the 
oViscrvations rather long. The dilfuse rellections are usually tpre id «»Vrr several 
degrees and it is the distribution with angle in the neigldanirloard of a Latte 
reflection which is the most imptirtant part of the rlaia, 

During the last eight years botlt s|}rian»tnrtri nirtloals and photirgraphic 
methods have been evolvtxl f<»r this type of mudy. rite application of the Ckiger 
counter spectrometer was deseriberl by \V,Hislri , Riiiu.idtantlran itn«l I,an^ *• and 
by Ramachandrati and Wooster.** A tnoniiof giving a control over the indclmt 
intensity of the X-ray beam was described l»y ILirgreuv s, l*i ince aiwl Wmrsier.** 
The photographic method of study ha* been descrilMtl by i tort ni and \V«iosicr***'* 
and the automatic recording microdensitometer, which »* so vaUiahlr in ohiatning 
the distribution of blackening over the diffus’ spot has Iteen ilcscrilrcd by 
Wooster.**’**. 

Certain general observations may be made concerning the rxjiei itnental 
technique and the necessary requirements of the apparalu*. If a c«»umer sjmetro 
meter is used the intensity of the incident beatn of X>ray» inuit be kep* cinistatil 
or else a continuous record of the ratio of the utkmsiiy of the int i Imi beatn to 
that of the diffusely reflected beam must be obtained. Dn the whole the speclro- 
meter method gives more accurate, and direct inrormaii«iii tonceintog tlo* elastic 
constants titan any other. If a counter-spectrotm-tri i« not isv.iil.ibir tin- usual 
single-crystal X-ray cameras may be useti. It k not usu.illy p-.^dde to oVnaio 
a sufficiently strong beam of crystal-reflected X-rays for uss- wuh a photographic 
instrument. Filtered radiation is therefore used and tin- whits- ladlatlon streak 
makes it impossible to study a certairt portion of thr diffuse sjwtt. However, 
this still allows observations to be made which yicUl the ratios of the ctatic coiMtaiitt 
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in cubic crystals* The photographic method can only be used with a microdensito- 
meter and ibr convenience and accuracy this should be automatically recording* 

Interpretation of measiirements 

The developments which have occurred in the interpretation of the experi- 
mental material are more novel than those concerned with the experimental 
technique* ^ The problem of relating the intensity of the diffusely scattered rays 
to tlic elastic constants has been solved in the following way. The thermal vibration 
of atoms may be regarded as due to the superposition of a large number of wave 
trains of different wave-lengths and travelling in different directions through the 
crystal* Each wave train can scatter X-rays in a particular direction and with 
an intensity depending on the amplitude of the elastic wave. An optical analogy 
can be used to illustrate this fact Thus a particular direction of diffusely scat- 
tered X-rays corresponds to a particular wave-length and wave normal of the elastic 
waves in the crystal* The precise, expression of these principles was first given by 
Walkr'^® and later applied to cubic crystals by Jahn/^^ To facilitate explanation wc 
shall use the Indian word rekha'^ to denote a line which joins any point in recipro- 
cal space to the nearest reciprocal lattice point. The word relp will be used as 
an abbreviation for reciprocal lattice point and, lastly, ‘‘ Rel-vcctor ’’ will 
denote the line joining a relp to the, origin of the reciprocal lattice. Using the 
Waller-Jahn theory the variation of X-ray scattering with direction can be expressed 
by a factor K where K is given by the expression, 

K[ABGJ Pi Pft (A:^ 

In this expression the syral)ols have the following meanings ; A,B,G, are integral 
numl)crs proportional to the direction cosines, m, of the rekha corresponding to 
the K-valuc, h,k,l arc the indices of the relp, P* arc the direction cosines of the 
rcl-vcctor, (A^^ ) is the ii^vcrsc matrix of Aiu where, 

Aiic = Cumk Ui Um 

Ciimk arc the clastic constants. 

Wc imagine a sphere of unit radius and at each point on the surface of this sphere 
we write down the K-valfte corresponding to the direction passing through that 
point and the centre of the sphere All points on the sphere having the same 
K-valuc arc joined together thus forming a scries of contours. A stercographic 
projection of tlic spluirc with its contours may be made and this forms a convenient 
representation of the variation round any relp of the intensity of diffuse X-ray 
scattering.'^® Fig, 1 shows a diffuse photograph ol)tain€d with a lead single crystal 
(.400 relp) and fig. 2 is the K-surface appropriate for the interpretation of this 
photograph.®*^ It is possible to construct a scries of such K-surfaces for a given 
relp with differc^nt ratios of the clastic constants. Such a set can constitute a 
standard set for all cubic crystals. It is not necessary to deal with relps other than 
100,110 and 111. If the K-values for certain definite points on the K-surface arc 
fi)und expcrinu ntally, the prol)lem of deducing the ratio of the elastic constants 
resolves itself into finding which of a standard set of K*surfaces best fits the 
experimental d<iia,. This matching may he carried out for two or more relps and 
gives values of Cig/cn and Cij/Cn, If one absolute measurement of K is made, by 
comparing the intensity the direct bt»am with that of a diffusely reflected beam, 
the separate value of th<; caaistants can be fotmd. This is often difficult to do 
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with sufficient accuracy and in .that case use ii made* of ttir ciiliic ciimprrssihiHty 
determined by othier experimental methods* If the cubic cciiiiprciisihility is 0^ then 

^=^3/(cii + 2cis) 

and when this value of (cii+2ci^ is combin-d with the^valtie^of Cn/Cn the individual 
values of Cn and 0^2 may be found. The same method involving the use of K*«iirfaccs 
can be .applied to tetragonal, hexagonal, trigonal and c,nthorhombic as well ns cubic 
crystals. Monoclinic and triclinic crystals have not so far bern itiidied by this 
method. 

Spectrometer observations are usually made so as to give the ^difriwcly sciittercd 
intensity at selected points along chosen rckhas. The difrusc intensity is partly 
due to the thermally excited clastic wav(‘S and partly due to Cloinpiort scattering 
and cosmic rays. The former part varies inversely an R* where E is the distance 
of the point corresponding to the observation from the relp. Thiii a plot of the 
diffuse intensity I against 1/R^ gives the value of the corresponding ,Iv 
The elastic ratios are then obtained as described above in connection with *the 
photographs. 

Special features of measurements of elastic constants by diffutdy rtitcltd 

Considerable experience has now been obtained in the appHcittion of diffuse 
X-ray reflections to the measurement of clastic constants. In many observatic^ns 
the same, or nearly the same results have l.)ecn obtained as are given by other 
methods. This applies to studies on ssincblende®^ KBr, KGl, NaGlO|i CJalena PbS^'*, 
LIF*®, diamond*®, and Gc*^. Observations on single cryitals of lend^** have 
given significantly different results from those of other workers, it is ckiir that 
no strain is put on the crystal by the reflection of X-rays and when the rtialerial 
is very soft it is not surprising that the older methods have given wrong remits. 
The X-ray measurements determine particular constants more directly ihaii most 
other methods. Thus lead shows a remarkable anisotropy which m determined 
principally by ( Cji - )• This quantity is measured directly by one set of X-ray 

observations, and the result is 50% higher than that obtained by previtius iiivcitiga- 
tors.^9'3 0 A comparison of the elastic constants and moduli is given in talik L 


TABLE I 

Values of the elastic constants and moduli of lead determined by dynamic^ stalk md X^ray 

methods respectively. 



Goens and Weerts 

Swift and Tyndall 

Prasad and Wooiter 


(1936) 

(1942) 

(in Press) 


dyne, 

dyne, cm.-^ 

dyne, cm.-* 

Cil 

4-77 X IQW 

4-66 X inn 

5-0(3) xl0'» 

^12 

4-03 

3-92 

3-9 3) 

^44 

1-44 

1-44 

1-4 (0) 


0-74 

0-74 

1-10 

! 

cm.’- dyne.’^ 

cm.* dyne.*”^ 


Sll 

92-7 X 10-^ a 

92-7 X 10-i» 

63-(2) X 


^ 42-5 

-42-4 


S 44 

69-4 

69-4 


_Jn “ ^02 

135-2 

135-2 

HEIsiiHHHi 


( ) 







£ven greater diiBFerences are found between the old^^ and X-ray values^^ 
for white tin. The difference affects mainly the constants concerned with torsion, 
namely, C44 and Cqq. This carries as a consequence a considerable difference 
between certain of the elastic moduli, sik, obtained by the old and new methods. 
The results are compared in the following table. 

table n 


Values of the elastic constants and moduli of white tin detei mined by classical and by 

X^ray methods respectively. 


V 

Bridgman 

(1925) 

Prasad and Wooster , 

(1955) ■ 

dyne. cm.“* 

dyne, crn.*'^ 

Cii 

8-40 X 10“ 

8-6x1011 

^33 

9-67 

13-3 

C44 

1-75 

4-9 

^60 

0-74 

5-3 

C12 

4-87 

3-5 

Cj 3 

2-81 

3-0 


cm.Myne."^ 

cm. 2 dyne. 

Si, 

18-5x10-13 

14-6 X 10-13 

S33 

11-8 

8-5 

S44 

57-0 

20-6 

See 

135 

19-0 

; ^12 

-9-9 

-5-3 

S13 

-2-5 

-2-07 


It seems likely that no method involving the application of static strains can 
apply sufficiently small stresses to leave the crystal as a true single crystal and 
that some of these discrepancies are due to this cause. 
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Anottier important feature of tiu 5 X-ray method is the sma!I* 8 ijf.e of crysut 
to which it can be applied. In principle the. sistc is limited only by the exposure 
time necessary for the photograph. Cknerally .speaking a dilfuse refh-«io»i photo- 
graph requires several thousand times as long an exposure as a lame photograph 
for the same density of the darkening of the film. I bus, hu" jj cry.stnl of low 
absorption coefficient for X-rays, a size of ()•.') X X (bS mm is u.sually large 
enough. If the absorption coefficient is heavy so that all rrllei tioii is _ from the 
surface, then a piece 1 X 1 xO'l mm would gc-ncrally he suitable. ■rhe_ interpreta- 
tion of the results is easiest when a flat plate cut paiaUet to the required atomic 
plane is used. Such a plate must be thick enough to a!t.sorb the whole of the 
monochromatic radiation incident upon it. I'he original measurements Iry Voigt*® 
on the elastic constants of iron pyrites, FeS,, were probably inade diflictdl by the 
small size of crystal available. The .same factor may have inHueticed the work 
of Doraiswami®* on the same crystal, Voigt and Doraiswami bolii foimd the re- 
markable result that the elastic modulu.s Su was positive, I’he meaning of this 
is that if a stretching force is applied parallel to one ctlge of a (KMl) culie, then an 
expansion will occur in a perpendicular direction. This is nalurtiUy not to be ex- 
pected. The subject has been studied by diffuse X-rays by Prasad and Wooster,** 
who find that the positive S 12 is not confirmed. 

Finally, organic materials, which arc .soft and can only be fashioned into 
centimetre-size plates or bars with dilliculty, can be examined in the bu m of small 
crystals by the X-ray method. The X-ray absorjiti<!n coellicirnt is in this case 
generally small and the crystal can often be used wiilunu preparing any face on 
it at all. An example of an investigation on an organic crystal is the work on 
hexamethylene tetraminc, N 4 (GHs) 0 ’®. 

Reciprocal spikes and plates 

The results of measurements on diffuse scattering can be used not only for 
elasticity measurements hut also for the study of the vari(ni.s extensifuis <>f relpg 
which occur in the form of spikes, plates or other geomi'trical forms, 'riie spikes 
associated with the relps of diamond have been studied in a nuniber of laboratories 
over many years. The contribution of Hoerni arul Wooster **•*’ has been to make 
the rules governing this phenomenon more explicit and to ali'ord some quantitative 
data. The spikes were shown to be parallel to the axes 11(K)| and to vary in 
intensity roughly proportional to the inverse square of tlie distance along the .spike 
from the associated relp. The intensities of the spikes parallel to j HHI) associated 
with the relps Ikl, 2kl, 3kl, 4kl were 100, 70, <5, and 30 re.spcetivrly, independent 
of the values of k and 1 . Similar results were obtained for the sjuke.s pinidlel to 
the axes [ 010 ] and [ 001 ]. There are two ways in which attempts m.ay lie made to 
explain the intensities of the spikes; one involves the assumption tlml i strticular 
(100) planes of atoms scatter X-rays anomalously though their centn s are in the 
usual positions, the other approach assumes that the .atoms in these particular ( 100 ) 
planes scatter normally but have their centres displaced relative to the usual 
positions. The first assumption was adopted by Hoerni and Wooster*® and the 
second by Wooster®* after Lowde*® had shown that diffuse spikes are revealed fry 
neutron scattering from diamond. Lowde’s observations prove that there must be 
some displacement of atomic centres since neutrons arc not affected f ry the extra- 
nuclear electrons. It is possible that a complete explanation will involve froth 
disturbances of the electronic configuration round the anomalous lUoins us well as 
a displacement of the atomic centres. The proposal put forward’’* involves re- 
flection twiiming across the ( 100 ) plane. It is supposed that there are st number 



6f such parallel twin planes’ idistfibuted at randon^i tferoughicnf tte Xhie 

bonds passing from, carbon atbms in a twin plane fo the neighbours on either side 
must be coplanar. It seems reasonable to assume that the bonds would tend tp be 
arranged perpendicular to one another and that the atomic planes parallel to tlm 
twin plane would be displaced slightly away from it. to make this possible. In 
ftg. 3 is shown a normal diamond structure projected on the cube face, and in fig. 4 
the proposed modification in the neighbourhood of the twin plane. If the unit ce|i 
ABGD is supposed normal in all respects except that perpendicular to the twin 
plane it has expanded from to a-f 8, then we can obtain an idea of the intensity 
of the spikes by considering the S'ourier transform of this cell. Since these cells 
oceur in pairs related by the reflection twin plane we need only consider cosiiih 
terms, and write for the transform, T : 

.. ^ , ■ ... ' ■ 

T=.Scos27rhx 

1 . . . 

cos2 7rh.i + Gos27rh.| + cos27rh.| + cos27fh (1 + S) 

tor /i having non-integral values very close to 1,2, 3, 4 this gives a diffuM 
intensity proportional to cos^27rh8. Experimentally it is found that when h is equAl 
to 3 the intensity of the spikes is very small. Thus to a first approximation we may 
write ; 

38==^ or 8 = tV 

If this value were correct the diffuse intensities of the spikes corresponding 
to the values of equal to 1,2,3, and 4 would be proportional to 100,33,0, and 
33 respectively. If 27rS i? put equal to 28° instead of 30° we obtain for this ratio 
100:40:1:18. The experimental values are 100:75: < 5: 30. The distance between 
carbon atoms in the twin plane and their neighbours is 1‘72 A and the angle bet- 
ween bonds on either side of the plane is 86° when 27rS is put equal to 28°'. Thus 
the agreement between observed and calculated intensities of the spikes is only 
moderately good and the interatomic distance and bond angles required are quite 
unorthodox. 

(b) Afiomaious diffuse reflection in white tin 

The anomalous diffuse ?:efIectiori shown by white tin^® is quite different from 
that shown by diamond. When the results are represented in reciprocal space they 
correspond to a diffuse plate arranged so that it passes through the reciprocal point 
400 and is normal to the x-axis. A similar plate passes through the relp 103 
and is normal to the z-axis. The thickness of these plates is about onc-sixth 
of the distance between consecutive lattice points along the x and z-axes. A tentative 
explanation has been advanced based on the fact that at room temperature white 
tin is close to it oc - jS transformation point. It is supposed that islands of grey 
tin can exist in the white tin matrix near to the transformation point and that the 
strain set up in the lattice due to the differences in cell dimensions of the two forms 
of tin is responsible for the diffuse reciprocal plates which are observed. 

Conclusion 

Certain general observations concerning the type of investigation described above 
can. now be made. The older static and dynamic methods of determining elastic con- 
stants can be applied to polycrystalline rnaterials, whereas the X-ray method c^n* 
not. Single crystals which are sufficiently good to afford sharp Laue spots are 
also good enough for the measurement of elastic constants by the X-ray method. 
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There is lio iimitatioh oii the type of crystal which may be studied : it may be 
Metallic ionic, homopolar or molecular. There is also practically no Imitation 
on size ’except that very small crystals would require a long exposure. The time 
taken to collect the data varies with the symmetry of the crystal. A cubic crystal 

triight require some days for its measurement and some further days for its inter* 

pretation. Thus, in comparison with some other methods, the X-ray method 
is slow. 

New phenomena are revealed by the X-ray method, c, g, the reciprocal spikes 
in diamond and the plates in white tin, which could not be found by other methods. 
These phenomena may be important in understanding the mcchanmal properties 
of crystals. It should also be mentioned that the same technique of diffuse X-ray 
reflections may be used to elucidate the order-disorder problems in alloys, further, 
if the investigations are applied to elastic waves of wave-length extending down to 
twice the side of the unit cell, the complete frequency spectrum of thermally excited 
elastic waves can be m'^pped out. There arc, therefore, many technical and the- 
oretical problems which can be solved by the use of diffuse X-ray reflections and 
it is reasonable to expect that the subject will continue to be studied in many parts 
of the world. 
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Fig L 

Diffuse reflection photograph for a 
single crystal of lead. L denotes the 
Laue spot and D the diffuse spot : 
both L and D correspond to the relp 
400. Cu Ka radiation ; radius of 
camera 5*75 cm. 


J:*ig ' 1 . 






Projection of tlte normal striicture 
(001) plane. 


of diamond on the 


I 

I 


A»_ B' 



Fig 4. 


Projection of the proposed model of the reflection twin. The 
twin plane is BC and the side AB has increased by 8 to make 
the environment of the atoms in the plane BG more nearly a 
plane sq^uare. 




TEMPERATURE DEPENDENCE OF THE DIAMAGNETIC 
ANISOTROPY OF BENZIL 


By 

M. LEELA and K. LONSDALE 

Department of Crystallography University College, Gower Street, Tmdon, W. C. /. 
Communicated by K. Baoerjee 
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ABSTRACT 

The diamagnetic anisotropy (xu— Xi) crystals changes from 53%? at 

20^0 to 57*1 at “134°G (in 10-« c.s,g.e,mAi). This result is compared with similar 
data for ^graphite (2T1 to 29*8) myi for urea (no change)* Tltere is no change of 
mean diamagnetism. The question as to whether the change of anisotropy is 
related wholly or in part to a change of molecular orientation is not yet answered 

An extensive study of the diamagnetic ani.sotropy of a large nunther of organic 
crystals has been made at room temperatures by Krishnan and others (1 9S3, 1935) 
and by Lonsdale (1938, 1939). The large value of the diamagnetic susceptibility 
normal to the molecular plane in the case of aromatic compounds has found an 
explanation in the existence of non-localized tt electrons in these molecules* In 
the case of benzene derivatives, the average effective radius of the spherical orbit 
of normal valency electrons calculated from susceptibility data is about X 
The susceptibility normal to the molecular plane has led to a value of L5 to 

TO benzene nuclei, about 5*3 X in the inner phthalocyanine nucleus and 
about 78 A in graphite, at room temperature, for the average elfective radius of 
the plane tt electron orbits (Lonsdale, 1937). If changes occur in the area of the ir 
electron orbits due to temperature changes, these should be reflected in the magnetic 
anisotropy, A study was therefore made of the magnetic constants of benzil at 
low temperatures, to see whether such changes occur. ' 


The diamagnetic anisotropy of a number of aromatic compounds has been 
T /T temperature by A. Pacault, N. Lurnbroso and 

(IJW). 1 hey find an increase in anisotropy ranging from 1/ to 8^' 
which IS about the same order as that found in the case of benzil down to 
reported m this paper. The details of the work by A. Pacault and others are given 

beenU^rto consult.°^’^^'^ unfortunately we have not yet 


Experimental Details 

using "**’“=»* method, 

is shown in Figure 7 The crv^ml standard. The low temperature arrangement 

giving a uniform field of about 4800 oeSs electromagnet 

oersteds, A continuous current of cold gas 
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^tamed by boiling^ iiquid nitrogen was passed through the wails of the tube A 
The temperature mside the tube attained a value Ifter fifteen minmerLw 
of the cold, nitrogen, ^y desired temperature down to — I 340 G could 
be obtained by r^gulatmg the rate of circulation. In order to avoid 
condensation on the crystal, a glass tube B about 15 cms. lono' with 
a narrow mouth of 7 mms. was sealed to the top of A and the°emire 
space in the tubes A and B was dried by passing dry air for half 
an hour before starting the experiment. Condensation on the out- 
Jeldi^g was brushed off each time before taking the 

Measurements of temperature were made by a copper-constantan 
hermocoup e. The temperature of the mejuring jSrS Ste 
jg I I I thermocouple, corresponding to the observed potential difference bet- 
ween Its two junctions,, was obtained from the standard calibration 
table given in the International Critical Tables (1926). The toiion 
constant of the quartz fibre can be considered to be independent of 

temperathre co-efficient of torsion is negli- 
gible. Rubber solution was used as the adhesive at low temperatures. 

in the trigonal class with a=8-42 l and 

^ with three molecules per 

Af LnTil ..h of several measurements gave for the anisotropy 

ot benzil at room temperature 

3x10“® c.gs.e.m.u., where xn and are alon? and 
normal to the c axis, respectively. ^ 

10-« c^^ieTZ Pascal’s data is _il2-8 x 

Therefore xii=-^130-6 X 10-« c.g.s.e.m.u. • • 

Xi=-77-2x10-« „ „ 


The molecule consists of two plane units 


i—C 

\ 


O 


inclined at an 


fvT^ Known susceptibility values for the benzene ring a reasonable estimate 
of the three principal molecular susceptibilities and K® can be made The 

principal susceptibilities of benzene are K, =K»= - 32-5 x 10-« anri K" - ■ qa.^? s. 1 r. s 
c. g m. u. (Lonsdale 1937). The mL.„ s^equiblUv of b“ = I » w 
and the mean susceptibility of benzil= - 1 12-8 x 1(H. The changed susceptibilitv 

S-fi vin-6 two hydrogen atoms by C=0 g?oups Tg^en bv 

6 6x10 , Therefore the replacement of one hydrogen atom bv the r=n 
group IS equivalent to- 3-3x10“®. Assuming that this change is the same in 
all the directions, the principal susceptibility perpendicular^ to the mokcular 


unit 



is equal to 


(Unpublished data kindly provided by Dr. R. Sadan^a) . 
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K,^==-(94'3+3'3)=='-97'6 (XlO-«) and those in the plane along CjC* and 
along a line perpendicular to C 1 O 4 are given by Kj^='Kj^«=(- 32‘5+3’3) « - 35'8 
(xio-«). 



Fig 2. 


The theory relating the magnetic constants of a crystal to its structure has 
been fully developed by Lonsdale and Krislman (1936) for all crystallographic 
systems. The molecular susceptibilities , Kj and K, are added tcnsorially to 
give Xa , Xb and Xc 

Xa =S + S KaOaHSl Kja/ 

Xb + S K.3^3* 

Xc KiVi* + s KaVa* + S Kay,* 

where a^ Vj^, aj ^2 Y-, etc., are the direction cosines of Ki, K» and Kg with respect 
to Xa, Xb and xc. The summation is taken over all the independently orientated 
molecules. 

The fractional co-ordinates of the atoms at room temperature relative to a, b 
and c axes are given below* 



X ' 

y 

t 

Co 

■227 

•199 

•053 

Cl 

•229 

•026 

•075 

Cs 

•265 

•003 

•171 

Gg 

•267 

—■165 

•200 

C4 

•233 

—•293 

•129 

■ ' Cg 

•197 

—•267 

•032 

Co 

-195 ■ 

—•106 

•004 

0 

•256 

■309 

•116 


* (Uopublished data kindly provided by Dr. R. Sadanaga). 
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From tkese values oMe atomic co-ordinates, the directioncosmea of k , K 
and with respect to the orthogonal set of axes X, Y add Z (Figure 3) cL. be 
calculated. These are given in the table below. 

Fig. 3 




X 

Y 

Z 


■ -825 

—.528 

—•205 

"(C.-C,) 

•473 

•840 

—•265 


1 -312 

•121 

0 -941 


•‘•“eptibility direction, 

of Yc^e%es°*wH? ^ ^ S- s- e. m. u. This calculated value, 

c ./s m^. TK experimentally determined value xc (obs)== - 38-6 X 10-® 

crl^tais of benVn measurements were made on three different 

crystals ot benzil and the results are given in Table I below. 


TABLE I 

CRYSTAL I CRYSTAL II 


CRYSTAL III 


Temp, (xj,— X i)10« 


21-5°C 

53-3o 

— 51°C 

55-54 

— 108-0°C 

56-8o 

— 118°C 

56-94 

— 126°C 

57-12 

— 134°C 

57-L 


Temp. 

(Xii— Xi)10« 

22-5°C 

53-46 

— 51°C 

55-14 

— 930 c 

55-97 

— 108°C 

56-2o 

— 1260C 

56-5o 

— 134°C 

56-56 


Temp, (xii— xi)10« 
22-5°C 53-^0 

— SPC 55-27 

— 93°C 56- Is 

— 108°C 56-3o 

— 126°C 56-6o 

— 134°C 56-6o 


were'made wbh^ plotted in Figure 4, for crystal I, for which measurements 

Ilmnemtur^ temperature both decreasing and then increasing again to room 

which show a slightly smaller 
tends repeatability of the effect. At — 130°G the curve 

Tooto rvi cl * owing that it may not increase much at still lower temperatures. 

th<^ ™^tie on a powder with the Gouy balance showed that the absolute value of 
ean susceptibility remains the same and does not vary with temperature. 
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Mence the above otjsefved ciiange m sukcptlbility is more likely to be due to a 
change in the orientation of the molecule than to a change in the area of the n- 
electron orbits in the benzene ring. The plane molecules of aromatic substances 
vibrate in the crystal more strongly normal to their plane than parallel to it. This 
is particularly marked fer graphite, for which Krishnan and GanguU (1939) found 
a large increase in the diamagnetic anisotropy as the tempeiature was_ lowered. 
We have found a slightly larger increase in the case of graphite, -Xi) increasing 
from 2 T 14 X 10'® at room temperature to 29*70 X 10“* at - 133°C. There are markedly 
anisotropic thermal vibration effects in the case of benzil (Lonsdale and Smith, 
1941), but the nature of these is not fully understood. Moreover, as the co-ordinates 
of the atoms at low temperatures are not yet known, it cannot be said at this suge 
whether the anisotropy change is related to the large thermal vibration effect in 
benzil or to a change of molecular orientation. 

Urea is of particular interest in this connection, as its anisotropy does not vary 
over the whole range of temperature examined. The mean of several measurements 
for the magnetic anisotropy of urea gives Xii“Xi=2*56x lO"* c. g. s. e. m. u. The 
mean susceptibility of urea has been determined by Pascal (1912), Devoto (1932) 
and Clow (1937). There values agree closely, -33'6oX lO”®,- 33*40 X lO"* and 
- 33-6, X 10*®, giving a mean value of - 33*5b X 10*®. This gives Xu » - 31*8g X 10-* and 
Xi==-34*4x 10*®. Urea crystallises in the space-group Pf2,m and the unit cell con- 
tains two molecules. The planes of the flat molecules arc (110) and (110) and 
remain so at all temperatures from 90K up to the melting point and therefore no 
change in anisotropy can be expected at low temperatures in respect of molecular 
re-orientation. 



The molecular anisotropy in the case of urea is in any case small, as would be 
expected, relative to that of benzene. The fact that it does not change implies 
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tbat there IS little or no change in the state’ of r#)riakcc of the molecule althoiilrfj 

there are mar^ changes in the thermal vibi'^iion of the molecule as the tempera- 
ture IS low^ed, the root mean square amplitude of .the [1001 vibration of tL N 
atom normal to the molecular plane, for example, varying from 0‘31 X at mnm 
temperatures down to Gi6 X at 90°K* - 1*^- ^ ^ ® “ 0 31 A at room 


and Gai^uli (1941) have shown that the free electron diamagnetism 
of graphite per carbon #om is equal to the Landau diamagnetism per deSS S' 

ture ot 5/0 Ji, But it' is also not unlikely that the temperature dependent of 
diamagnetic anisotropy in graphite is related to its abnormally large thermal vibr^ 

turn effect normal to the basal plane (Lonsdale, 1942). The ampUtudes of thermal 
vibration a^ directly linked with the co-efficients of thermal expansion. Graphite 
has a c^fficient of expansion along the principal direction, so large, that thrte is 

aW °400°G“drthe th tmn at right angles. Only af temperatures 

f.rT „ ^1* thermal vibrations m the layer planes become large enough 

nOTmal to the principal axis to assume a positive valued But in- the case ^f 
uicrease in anisotropy with decrease of temperature^ which is very 
s^ll in- comparison with that of graphite, could ibe i-brought about bv a 
“ orientation of the molecule, or it could be reLted to a certoia 
i?lS hldy.^^^®*" the large anisotropic thermal vibration effect, although .this 
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PHASE TRANSITIONS IN CRYSTALS COMPOSED OF ORGANIC 
MOLECULES WITH METHYL GROUPS AT THE MOLECULAR 

PERIPHERIES 

By 

MASANOBU MOMOTANI, HtROSHI SUGA, SYUZO SEKt and ISAMU NITTA 
Faculty of Science, Osaka University, Nakanoshima, Osaka, Japan 
(Communicated by K. Banerjec) 

Read at the Silver Jubilee Session at the University of Lucknow on 28th Dumber 1955 

INTRODUCTION 

The molecules having methyl groups at their peripheries are bound together 
mainly through the Van der Waals forces in the crystalline state. The force is 
generally so weak that the crystals exhibit polymorphism with slight differences 
in the free energy which is due to small changes of orientation of methyl groups.* 
Here are a few examples of this sort which interested the authors as to the mechanism 
of phase transitions. The cases of beryllium oxyacetate Be 40 (CH*C 0 |)j, barium 
dicalcium propionate BaCa, (C.^H 5 GO.i)j and hexamethylbenzene CsCCilJg provide 
interesting display of various types of such transitions. The studies on the former 
two compounds were reported elsewhere.*’® 

Huffman and his coworkers* reported the heat capacity measurements of 
hexamethylbenzene at 10° intervals from 90°K to the meltmg point 438°K. They 
found anomalies at 110J>K, 135°— 165oK, and 383°K (see Fig 1), Pauling* 
suggested that the transition at 110°K would mark the onset of the rotation of 
methyl groups around the G-G side bonds. The proton nuclear magnetic resonance 
experiments,® however, seem to exclude this possibility as Andrew showed 
that the observed second moment 13'0 gauss® at 95°K corresponds to the rotating 
GHj group scheme and that the second moment 2'5 gauss* above 210”K has to be 
accounted for by the rotational oscillation of the whole molecule round its hexagonal 
axis. This explanation, on the other hand, results in the hazards in the assignment 
of the 383°K transition which accompanies a change of ctystal structure. The 
extraordinary behavior above 383°K as to its volume change* also remains 
unexplained. In view of these recent informations obtained, it was considered 
of value to carry out the continuous measurements of the heat capacity of hexaraethyl- 
benzene particularly above the room temperature. 


Hexamethylbenzene crystallized from benzene solution was further purified 

m. p. 165 3 G. The apparatus for the measurement of the heat capacity is the 
conduction calorimeter which was fully described elsewhere.® ^ ^ 

RESULTS 

anomdy^ around 9?°G^S smaUer' anSlaUe'^^^^^i^ ‘ magnitude of the 

indication of its pres^nfe ^ repeated runs, with no 

a caxion us presence in the cooling experiments. Corresponding to the 
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Ugft the ettect IS seen much pronowoced in the volume change. 



TABLE 1 



Heat capacities of HexamethylbenZene 

t»G 

r< cal. 
mole. 

t“C 

cal. 

0-0 

57-84 

107-45 

82*46 

5-25 

58-55 


transition 

10-52 

59-29 

114-00 

75-75 

15-59 

.60-22 

118-38 

76-14 

20-66 

61-20 

120-55 

76-45 , 

28-24 

62-70 

' 124-91 

77-06 

#5-65 

64-08 

129-15 

77-31 

4#'00 

65-64 

131-25 

77-33 

47-80 

66-66 

133-34 

77-19 

55-04 

68-01 

135-48 

77-02 

59-81 

68-44 

137-60 

76-98 

64-49 

69-19 

139-66 

76-72 

71-55 

70-86 

14T72 

76-90 

78-43 

72-05 

147-90 

77-91 

85-22 

72-84 

152-05 

82-06 

89-73 

74-59 

156-18 

84-31 

94-25 , 

75-75 

160-30 

96-86 

96-40 

77-70 


fusion 

98-52 

77-10 

166-38 

87-19 ' 

100-85 , 

79-40 

168-40 

82-96 

105-24 

81-10 

170-42 

81-71 

Table 2 lists 
points. 

the quantities 

measured at the 

transition and the melting 



TABLE 2 



temperature 

enthalpy change 

entropy change 

transition 

... 110-4°C 

440 cal./mole 

1*15 cal./mole. deg. 

fusion 

... 165-2“G 

4920 cal./mole 

1 1*2 cal./mole. deg. 
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DISCUSSION 


■The heat capacity curve of BaCaj ^CgHsCOj), is reproduced in Fig. 3 for the 
sake of reference. A comparison of this with the transition of hexamethylbenzenc 
at 1 10®G. leads one to assume that the mechanism of these transitions would be 
similar to each other. The difference in the shape of curves is that one of the 
peaks in BaCaj (CjH 5 G 02)6 at the lower temperature side is flattened to give a 
terrace in the* case of hexamethylbenzenc. We find a close relationship in the 
crystal structures of the two compounds on the basis of the intermokcular configura- 
tion of methyl groups. 

As illustrated in Fig, 4 schematically, the six methyl radicals belonging to 
six different propionate ions meet nearly hexahedrally. Below the transition 
point, these rhethyl radicals are considered to be fixed in definite orientations and 
as shown in Fig. 5 one of the oppositely situated methyl group pairs may have a 
little greater rhethyl-to-m ethyl distance than the other two pairs in order to 
satisfy the tetragonal or the orthorhombic symmetry.* The rotational oscillation 
[of the methyl groups] around the G(a)-G(carboxyl) bond will become gradually 
violent as the temperature rises, which causes a synchronous, in-phase, movement 
of the two pairs of methyl groups just like a meshed bevel gear system. The 
remaining pair of methyl radicals can not come into coupling with the gear 
system until the thermal expansion permits the loosening of meshing. The further 
enhancement of the thermal motion thus has to bring the six methyl radicals to 
equivalence, changing the crystal symmetry to the cubic. 

Quite an analogous situation occurs in hexamethylbenzene. The nearly 
hexagonal arrangement of the molecules in the low temperature modification* 
(Fig. 6) forms a meshed spur gear systems as illustrated in Fig. 7 in which one 
third of molecules in a layer cannot couple with the gear system by the lame 
reasoning as for BaGa^ (CjHsCOa)^.^ The difference between these two compounds 
will be clear if one considers the number of possible configurations (in the 
momentum space;) in the two cases. 

There are N separate gear systems in a BaCaj(CiH#CO,)( crystal containing N 

formula units . The total number of possible configurations is therefore n^^ , if n^ be 
the number of configurations within a separate set of six methyle radicals, f On the 
other hand, a whole (001) layer of hexamethylbenzenc forms a set of gears with the 
number of possibl^configurations Uj, and thus the total number of configurations will be 

of the order of n, since the number of layers in a block of crystal is of the order 
of N being again the number of molecules in the block. The extent, to 


The precise crystal structure of the low temperature phase of BaGaj{CjH.GOa)6 
is not known, but it is of lower symmetry than the cubic system to which the high 
temperature modification belongs. This was evidenced by an optical observation. 
See ref. (3). 

tThere are three ways in which an uncoupled pair of oppositely situated 
methyl groups is taken out of three pairs and there are two types of meshing for 
each of these ways, clockwise and counter-clockwise revolutions. [Here, as a 

first approximation, the possible corretation between the motions of 

groups is ignored] 


yO 

C<- and CH. 
^0 
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tion win Ol^ metbyi radicals belonging to diflferent molecules is an «(H)-per 

This’teilKL greater m BaCa.(CAGO,)6 than in hexame thy Ibemzetn? 

Jnl interpretation may correspond to the different heat capacity ciurvers 

one with a peak and the other only with a flattened terrace. ^ 

Tf behavior in the volume expansion is quite hard to ejtp*laira, 

If we extrapolate the room temperature portion of the V^T curve ia Fis. 2 
we obtmn perfectly normal behavior which a hydrocarbon wonld sW/dotteli’ 

aTahnnJIj^l to b € r-ega rdp-d 

about VP transition is taking place gracdually h?tw,em 

heat capacity curve between llO- and the melting point will be i>ossi.bly due 

associated with the anomalus voli^iL chIiKe=, 
although this must be ascertained by determining the heat capacity a t 
co^t »dum«. Therefor, it may be Lsunred .hat °the»e h no 
change m the number of degrees of freedom of motion between 11 floG awd th*e 
m^ point. The sum 12-3 cal./mole. deg. of entropies of tran^itfen^Ia * 
toionis to be compared with the entropy of fusion 13-1 e.u. of namhchaL ene in 
Walden’s rule. When, liquid naphthalene, solidifies, all -the 
are considered to freeze as it has no fraisitions 
1 u safely assumed that a little smaUer entrrfop-n'orf 

meltingtof hexamethyl-benzene IS related to the exicitation of orientatioraal <le|^ee 3 B 
of freedom around the molecular axes perpendicular to the he:aaSn^S» 
X?ws formation of holes in liquid.* The-Xl-r^ e-vide=Ece 

fWonivV the expansion pd contraction in question occur on-ly withim 

Table 3' pT/’ar the parameter c hemg conitant<,eS 

^ ^ remaining possibilities would then be sonie . cha-nge: oP 

relative arrangement of molecules in the (001) layer. If the methvl ra-dical -r,™ 

between neighboring molecules, the 'volimmc 
per molecule would diminish to some extent; this can be achieved by tunxiiif Jl 

oSuuSrioSThit^ip *' “I 

TABLE 3 


Powder Photographic 

D(xla at Various 

Temperatures.- 

10 

Temperature (®G) 

115° 

130’ 

155° 

a 

9T3kX 

9-36 

9'0€ 

b 

... 16*12 

16*22 

15-70 

c 

7*52 

7*52 

?52 

b/a 

1-77 

1*73 

1-7S 

p(X-ray) 

0-98 

0*94 

i-oo 

p(dilatometry) 

0-94 

0-91 

0-97 


1 supported partly by the decreasing interaction between (inter- 

layer) methyl groups (the distance increases by contraction and partly by the? nossi- 
bility of mterpenetration of hydrogen as suggested by Simons and Kicbin. anrte.." 

Tatt.V*. '^“‘hwhilc to note_ here that the hexamethylbenzene crystal is conpose«d off" lay--cr 

tayw stnictures point, whereas all the other polynuclear aromatic coxnpouocisihaoww 
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Another factor which should be considered is the disappearance of lattice vacancies 
due to thermal agitation which, however, is contrary to tlie general change of 
equilibrium concentration of lattice vacancies with temperature. 

In order to elucidate the mechanism of such peculiar transition further, 
the information concerning the temperature dependences of the depolarization 
factor of Raman lines, the diamagnetic anisotropy would be highly desirable* 
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SCATTERING OF X-RAYS BY DEFECT STRUCTURES 




W. COCHRAN 

Cavendish Laboratory, Cambridge, England 
Communicated by K. Banerjee 

Read at the Silver Jubilee Session at the University of Lutknow on 28th December 1955 

ABSTRACT 

, The intensity of X-ray scatt^ing from a crystal containing defects is shown to depend in a 
simple way on the Fourier transforms of the defects considered separately. Some applications of the 
theory arc mentioned 

1. iiitroduction 

A theories of the cohefent scattering of X-rays by a crystal which is 

disorderd or contains mperfections have been given by Zachariasen (1945), and by 
Matsubara (1952). The effects of imperfections of a particular kind have often 
been calculated for example for ‘impurity’ atoms (Huang 1947) and for screw 
dislocations (Wilson 1952). The general theory given here has the same starting- 
point as that of Matsubara, but is developed in a different way. The results are 
equivalent to those of Zachariasen, but are more easily applied to particular pro- 
blems as IS shown by some examples. 

2. General theory 

We consider a spherical crystal of radius R, containing N unit cells If we 
denote the crystal by G, and its Fourier transforms by To, 'then 


To (S) = T (S) F (H) 


( 1 ) 


T in reciprocal space, H a vector to a point of the reciprocal lattice. 

(^) IS the transform of a lattice bounded by a sphere, and has thus an appreciable 

value only within about R ^ of S = H. The transform of one unit cell FfSl 
which varies comparatively slowly with S, thus appears in (1) as F(H). ’ ^ 

impetf£”7, JcTa" wfSefh^ve'’' “ 

+ W- T,(S) + T^(S) (2, 

If we now define (H) as the structure factor of the average unit cell of G+ 
it may be shown that 


Fm (H; = F{H) + i (H) 


We next define T^^ (S) = T^ (S)F ^ (H) 


[ 83 ] 




(S) is thus the transform of a crystal of radius R, composed of identical average 


unit cells. Combining (2), (3) and (4) wc have 


'C+A 


Tm W + T . (S) 


(")f -..(5) 


When the first term on the right is large, the second is zero, and conversely 
The intensity from the defective crystal is thus proportional to ’ 


^C+ A 


= +: Ta(S) -l\ (S) 


... ( 6 ) 


The first term on the right will be rccogniged as the Lane^Briigg intetiisty 

' (7) 


The second must represent the dilfuse intensity, and expect within about R-» 
or d=H It can be written as 

h ® « 1* .. ... (8) 

for second term on the right i* zero 

agrees KSe“.,i^eat 

T A of Laue-Bragg intensity can also be expressed in terms of 

(S). A short calculation gives the fractional change of intensity in going frmn C 
toG + Aas p a 


F.8 (H) 


F (H) 


l/T. (H) I . T 


F'lW'l 


this reTuft.*^*^^'^*^ neglected in .subsequent application of 

longer f fi"-eTntifraSrLten^^ imT 

cannot be separated from one another. ^ i^auLBiagg and dill use intensity 

fromtheliuiwufPsOTc^ oTafe^ regarded as arising 

may or may not be identical but relatively small defects, which 

crystal. If each atom in the crystal is inflScS'’hv‘ ”‘r'^ ™ *« **5 

IS iniiuenced by only mic defect* wc can lake 

n 

A - S 8j 

j=l' ...... (10) 

where each 8* is a defect centred in the crystal at a point R,. so that 

~ » „ 27riR,.S 


...... ( 10 ) 


... ( 11 ) 
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and therefore 

(H) = ... (i^) 

Equations (10), (11) and (12) apply exactly, no matter how large the displace- 
ment of atoms around a defect may be, provided that the influence of a defect is 
limited in range, and the concentration of defects small. If the defects consist 
only in the replacement of atoms, without displacement, the results apply with- 
out any restriction. In many interesting cases which occur in practice however, 
no upper limit can be set to the range of influence of a defect, as is shown by 
the expansion of the lattice in proportion with the defect concentration. If the 
effects produced combine linearly, i. e. if the net displacement of any atom is the 
sum of the displacemehts that would be produced by each defect acting alone, 
and if the same is true for the net expansion of the lattice, then it can be shown 
that Equations (10), (11) and (12) are still approximately true. A necessary 
condition is that exp 27rit. S may be taken as 1 -l-2Trit. S to good approximation, 
sp that t, the displacement of any atom from the position occupied in the ""average’’ 
crystal, must be small. In what follows we assume this condition to be satisfied. 

]K.€tummg now to Equation (12), we substitute the value of (H) given 

there in Equation (9), and obtained for the fractional change in Laue-Bragg 
intensity 




If all the defects are the same, this is simply 


N ^ 


(H) Tg:,(H) -1 


F (H) F* J 


}■ 


(14) 


It is readily shown that when the defects are distributed completely at 
random, the diffuse intensity is given by 


n 

j=i 


(S) 


(15) 


Js (S) 

3. Applications of the theory 

The results given above have been applied to the problem of the scatter- 
ing of X-rays by solid solutions. This problem has already been solved by Huang 
fl947). The simpler treatment outlined here leads to essentially the same con 
elusions, but is capable of extension to more complicated crystal structures. 

Each defect 8 consists in the replacement of an atom of faewr 

another of scattering factor f^ in a crystal of, for example, copper. Surrounding 

atoms at r are taken to be displaced by The crystal is cubic, of cell side a. 
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the cieuiis of the calcuktion will not be reproduced here, but it is found that tke 
fractional change of Laue-Bragg intensity is given by 

2nf/f, 1 s, 4-22TrW) 

irllfr ' ) • ■ ■ ■ 

Apart from terms involving (n/N)®, this result is the same as that given by Huang. 
An approximate expression for the diifuse intensity around each reciprocal lattic 
point H is 


n 



167rcSfi 

s~h“t 


cos (S,S - H) 


sin 727ra I S - H I i 

V27ra fi-H C'J 


Both qualitatively and quantitatively this expression gives results cbic to 
those obtained by Huang, the main features being : — 

(a)- An increase of diffuse intensity with $, (approximately as S*), 

(&) A concentration of diffuse intensity near $- -H, falling off somewhat 
more rapidly than | S — H | 

(c) Almost zero intensity in a plane passing through each reciprocal 
lattice point, the normal to the plane being the direction of H. 

The same general approach can l)c used to make qualitative predictions 
about the diffuse intensity froxn neutron-irradiated crystals of boron carbide. It 
has been shown by Tucker and Senio’ (1955) that the delect consists mainly in the 
removal of the central carbon atom of a chain of three, resulting in an inward 
movement, predominantly in the c-direction, of surrounding atoms. On this basis, 
the theory outlined above predicts a diffuse intensity concentrated around re- 
ciprocal lattice points, approximately proportional in magnitude to the intensity 
of the corresponding Laue-Bragg intensity. The diffuse intensity surrounding (oolj 
reciprocal lattice points should be particularly strong, but should fall to a low 
minimum^ on a plane passing through the point (ool) within normal along C*. 
Other reciprocal lattice points should show this feature to a lesser extent. 

Two possible further applications of the theory arc to (a) the calculaibn of 
the intensity of scattering from simple crystals (e. g. metallic elements, diamond etc.) 
containing Frenkel defects, (b) the explanation of the anomalous X-ray reflexions 
from certain diamond crystals, most recently studied by Hoerni and Wooster 0955) 
Some progress has been made with both these problems. 
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STUDIES OF IB® ^CAiTFR- 

ING OF SIJNTGLE OJRlr^tillS fit THE 
PHOTOGRAPIflfc iWffitHOD 

Oyz .: V ' .' ■ 

R. K. SEN 

{Communicated by Prof . K. Banerjee) 

Kwd at the Silver Jubilee Session on 27th December 1955 at th. rr • • , 

a*3 at the University of Lucknow 

ABSTHACf 

. . ^^o*'ding to the thermal theories of diffuse X-rav reflevionc i *.• 

^ts of 9 crystal can be determined from tL intcLitfs of th; elastic cons- 

The special types of reflexions and the particular iireS A??b^ 5i®® 

vectors which may convsnientlv bp u j ^ the thermal wave 

hexagqi^l crystals Llonginc to. tL D oroun determhiations in the case of 

of the photogfapRic method^have ais6®bleii Sdicated^^^'lSb rSults advantages 
ments with benzil single crystals are o-;v«>r. tu ’ of such measure- 

determined are G,JC8®=2-8^1 and Cn/ct=l‘54.^^^ constants 

of *»“ moa.uyemen.s 

possible. For this rfeaSon very-few measurements hav** cases im- 

th|y w“a^nrdeSm^Si1K^ 

beam received by the counter were iaro-f? anA incident beam and the'seaftfered 

pS^d.-" 

cpvered by^th?^phSetHc“rcm^m^ ®POt^ ^U^t^a^nd 

of the scattered beam in this case is ne^igibfe As rll r 

used m this method are small, the effective difergeiice of the “^a^^ g^eraUy 

a so very small. In this method, therefore, the?e is no Wssh^nf^^^ beam is 

divergence correction. The experimental arrane'empni-Q i ^ tlic 

ing a beam, of mopochromatised X-rays to falfoii a crystal^se^ at^A^*^^ a^ allow- 

tion on the axis of a camera and taking a Laue photograph Th 

planes giving rise to the diffuse reflexions are a^certa^ined in indices of the. 

by Lonsdale & Smith (1941) and Ganguly il942). InteSideror “n 

correspondmg to different angles of deviation ire comSeffL^^ 

measurements along particular directions Sen (1953). From these 

and the values of the thermal wave vectors deduced from the known 

elastic constants are evaluated. ''' - ' ■ ■ qrientations the 


( a? ■] 



Accor 4mg' to 6orn (1942-43), the intenrity Ig scattered by a thermally vibrating 
crystal of volume 8 v in the direction (p is givm l)y the relation, 

Is=I,NKTFV* d(q)/m 

=r=IeKTF* ’ for very long thermal waves ; 

where- Ig is the intensity scattered 5 by a free electron under the conditions of the 
experiment 

N is the no. of unit cells in the voL Bv, 

V is the volume of the unit cell, 

T is the temperature in the absolute scale, 

K is the Boltzman constant 

F is the structure factor of the plane concerned, 

m is the mass of the unit cell 

■■ & d(q)-^ D;i (q) 

ap dp ^ 

In which D-i ((^ =xadj D (q)/det D((}) are the clcincntJ of the matrix inverse to 
: aj3' ■ ■ SjS 

the matrix D(i^- 


The elements of the matrix D((J) arc given by, 
PD^(^=Q„ql^+G,,q,*+GrgqaH2G,Jq.er.+2C„<|,^I,+ 

' J8.4* + Gjjgj* + tl«q8» + 2C44cj[,(|,+ 2G«q,qi + 

. Ppss®— 065^1*+ Ciiq,’ + Gaaqs* +• 2Giaqaqi, + 2Gg5(ja4 +2da,qjq, 

^1*9 ®p®pottcnts of the wave vector d^i.e. the vector joining the point 
of observation; in the . reciprocal lattice to nearest node along the three axes of 
reference used m crystal .elasticity, are the cominVnts of the rcci- 

Correspondu^'^ the node along the same axes, t> is the density 
$£als SJngiig?o-'l\cl^^^^ cociHcients;. For hexagonal 

j' iT , flit, tlja ~ G i 4 & Caa-^Gia 

and all other .constant vanish, ■ . 

&[6Tir£a^l ?hl.®S“® for . the rcciprotai lattice points lying in the plane normal 
node, • " ormal to. the reciprocal lattice vector corresponding to this 

r, . , , /V ' . p” ' jX<'''fr*"' ' ‘ ■ ■ 

■ !v*. . "(q) q»~ ■ ’ ‘^ioce q, ai q «0 in this case. 



(hO.O) diffuse reflesdon in. 

rp£eri|ete*»d.er Sfj S5s?sr.“:.iS 

of Ae elaafir 


contantrGiV and Gg^ 


?55-— (1 -+ Cq3*xJ 

Td i (1 +'Cos*Xj) ■ . JTg* 


qi* 


Ax’ 

Gee’ 


' * '. ft' .' .. wL.' .'•-■■ 4 r'' 66 

5 |o^i^tion corresponding to the directions of observation 
.and m -.this expression all other quantities except G„/CLe are known. Agaii for 

^ ~ ^ on the direction through this node parallel to 


d(q)=^- 




Ar 


the ratios of the^ intensities of a (h 0.0) difuse reflexion observed in a 
particular photograph at the angles corresponding to the points lying on the 

concerned and on the dirStion parallel 
to [00.1] through this node the ratio can be determined. For 0 H 

reflexions for points lying on the direction through this node parallel to [00.1] . 


d(q) = 


_P|X^> 1 


qs* 


L** 

A4 


^ As 


where L,M & N are the direction cosines of X<'‘>. Hence from the ratln of 

in^thr^ame reflexion and a (hO.-O) reflexion observed 

in the same photograph (or converted to the same relative scale) corresponding to the 
points lyii^ on a line parallel to [00-1] through the respective nodes, the ratio C.i'/C, 

points lying in the reciprocal lattice plane 
& q q^yjTand reciprocal lattice vector corresponding to this node, qf=? 

Pi X'io I X ■ ■ ■ :■ 


d(q) = 


Gee qa* + G44q3* + SCijjqgqj 


Hence from the observed intensities of a (h 0-0) reflexion for such points and for the 
points lying on the reciprocal lattice vetor corresponding to this node the ratio 
n/Gj 4 can be evaluated, as the ratios Cu/jj and G^j/C^^ are already known. 

The ratios of thexlasticcpntan^ be very accurately determined in the 
following manner. The intensities of the, diffuse reflextions in the different photS 

graphs are reduced to relative values corresponding to the same intensitv of the 
WC.deM team by .hu „,e of a calibrator. A 'very louvemeu, mShST/o du^a 
sinall amount of aluminium powder on the crystal thereby recording in the Laue 
photographs a number of aluminium powder diffraction lines, lince the rame 
amount of the powder is bathed m the beam for the set of photographs taken with 
one crystal rnounted with a particular axis coinciding with the vertical axis of the 
cai^ra, the mtensitms of the aluminium powder diffraction lines may be used as 
calibration lines. The relative intensities of diffuse reflexions thus obtained from a 
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number.ofpbotographS'Correspondmg to.pomte’lymg OR a parlkplar radial direction 

through a particular node are plotted against the square ^of the reciprocal of the 
thermal wave vactors. The curves thus obtained arc straight lines passing through 
the origin when the intensities are corrected for Compton sciitteriiig* scattering due 
to A./2 etc. The ratios of the slopes of such curves for different directions and 
^(different reciprocal lattice nodes give the ratios elastic consiarits as indicated 
above, r The absolute values of the elastic consents can be determined if the intensity 
•of the incident beam is known. The accurate rnfasurernem of lioth the incident 
and diffuse reflexions from each photograph is difficult at the incident beam is 
roughly lO® to 10'7 times as Intense as the diffuse reflfximw. In the photographic 
method this measurement can be effected by alworbing the direct bee rn by a Wi or 
Cu foil of known thickness and recording the absorbed direct lieani on the same 
film throughout the whole exposure. Though the error in measuring the incident 
beam is larger, in this rnethod the observation can be carried out for |Kiints having 
■very low q values 'which is a necessary condition for applying llie above theory. 
Thus the;accuracy of the values determined by this method for pidyttomk structures 
are more -than those obtained by the Geiger*-count€r spectrometer, In the tilirasonic 
wave method it is very often difficult to assign the correct node of viliratkm on which 
the values depend. 

. Some of the ratios of the elastic constants of l>enEih belonging to D- class of 
nexagonal system,, determined from the diffuse X-ray reflexieuw by thr photographic 
method are detailed in the table given belowt * ^ ‘ 

Table giving the elastic constants of benzil 

Reciporal laltic node considered — (40*0) ' ♦ 

Crystal Structure factor of the (40*0) reflexion 51 

Axial lengths of the crystal - a«:8*38X, G«a 1378X. 


Orientation of the crystal 


Crystal axis| 
coinciding 
with the 
vertical 
axis of the 
camera 


Direction 
of the Inci- 
dent beam 


Thermal 
wave vector 

q 



Direethai of 

q 


Angie (ff 


Relative 


deviation 

" Vfilue 


Along the vector 
corresponding' 

to the node 


Normal to[00*l | 
and the vec- 
tor correspon- 
dkg to the 
node 


51HB 


50*^1 5' 



080 


10*40 


Ratio ^of 
the elastic 

determ 'ined 


OnlOm 

«2^80 


Orientation of the crystal 


' ' ' • ' " 



Crystal axis 
coinciding 
with the - 
vertical 
axis of the 
camera 

Direotion 
of thS Ihci- 

d^jan| ; 

■ "^hermaf:"'- 
"waver ‘vector 

-Direetion of " 

Angle df 
deviation 

Relative 
intensity 
; yalue 

< 

[OO-IJ , 

InciJdent 
beam ma- 
king 6° 

with [10*0] 

2-3 X 10-«cm-' 

Al'ohg the vec- 
, . toj; correspon- 
ding to (40-0) 
vnode. 

48°0'' 

0^40 1 



lT;XfO**cm** 

NormaLto [OO'l 
and the vector 
Corresponding 
to (40*0) node 

50° 15' 

4-8 

■ ■ [H'b] 

Incident 
beam ma- 
king 25 36’ 
with [00*1] 

0*98x.l0*cm** 

Along the vector 
corresponding 
' to (40*0 j node 

51°12'; 

' ^ ) 


>> 

0-49xl0«cm-i 

'Along a line 
. parallel to 

[004] through 
(40’0v node 

o 

o 

11-5 


Ratio of 
the elastic 
constants 


CaAi 

=-2*82 


.Gi,/Gu 
. =il-54 


The author in indebted to Prof. K;.. Banerjee, D. Sc., F. N. I., Head of the 
Physics, Allahabad University for provid me with the laboratory 
fecihties and for Ins kind interest in the work. Thanks are also due to Messrs. S. C. 
Chakraborty and B. V. R. Murty for their assistance in taking some of the photo- 

graphs and their photometric measurements. , 
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RECENT INVESTIGATIONS INTO THE STEUCTOEE OF 
CELLULOSE AND CELLULOSIC FIBRES 


By 


M,K. SEN 


Indian Jute Milk Association Rmanh ImiUuk, Cdmiia 
(Gommunicated by Prof. K* Baaerjet) 


Read at the Silver Jubilee Session on 27th Decmbit 1955 d the Unimrsitj of Lmkmw 

In an earlier publication the presence of a new reflfClifnt in the X-ray 
action patterns of pure ceHulose fibres (as for -example* cotton* raniie r ic,) iind jute 
was reported. The claim has since been disputed by soine workers and suggestions 
have been made that the reflection arises from one or other of the following causes : 
(a) silver or bromine absorption edge ; {b) metallic impurity in the target ; and 

None of the criticisms appears to hr valid l»fCfiiisc~(a) 
the reflection has not the .slightest resemblance with absorption edge that is char- 
acterised as is well kriown, by sharp boundary tailing off at the short wave length 
the intensity along with the spacing of the rfllection is diliVrrni in samples 
of difterent origin, as for example, in ramie film, cotton and ramie fibres; (c) the 
presence of the reflection in the case of jute has lieen confirmed by Woods in mono- 
chromatic photographs as well as by Geiger counter technique ; anci {d} in one of our 
recent experiments the reflection appears on photographs takrii using radiation 
monochromatized by lithium fluoride crystal 

Guinier, Legrand and others while using a dtflVrent experirnmlal technique 
further confirmed the presence of the n(!W reflection for jute but reported to have 
failed ■ to record it for pure fibres. From what we have luniced in a photograph 
privately sent to us by one of the authors (P. Anzenberger) we have reaion to 
believe that their X-ray diagrams are not of suitable intensity. The results rather 
lend support to our observation that between jute and ramie the new fffifction is 
stronger in the former. 


cellulJl^ In ^ ® ^ authors on their remarks alioiit the lack of purity of 

imnuritv nthpr justifiable to associate the reftection to any 

3onle^ro,Srv f tl'c lattice. In tiiis con- 

whicrthl nr^seil nf^ of mixed crystals as well a.s a previous work in 

of cellulose extrart^a^f reported in monochromatic photographs 

patterns kSetS o^^^^^ ^ n®’ extensive .series of studies of diffraction 

bem Sle tf br?nrS t ^ relaxation we have 

Ss L tioifieTL raw Structure of pure cell- 

separate latdce in tVi tlte evidence suggests a 
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Causes of bitfiist Scattering in itie X-ray Diagram^ i ^ 

The X-ray difFraction diagrams show that for ramie the equatorials refleetion^ 
as also those in the layer lines to a lesser degree are connected by relatively more 
intense continuous bands of scattered radiation; .whereas for. jute the scattering is 
confined mostly to regions outside the direction of selective reflection. Thus both 
ramie and jute are imperfect crystals. 'However, the imperfection in ramie seems 
to arise from a relatively more distorted lattiee in which the cells 
are, identical but displaced from their ideal positions. On the other 
hand, in juite the main c|itise of imperfection is the mijced crystals on account of 
Whiph the ceils ‘are not identical so far as the structure factor is concerned although 
the lattice is more .regular compared to ramie. To draw an analogy ramie resem- 
bles a coid-rworlsed or strain-hardened metal while jute simulates metallic alloys. 
Atthis point it may be paentiohed that curiously enough the diffuse scattering of 
cellulose fibres has hitherto been regarded as. due to the presence of a separate am- 
orphous phase, the. proportion of which has also been estimated by several chemical 
and physical methods including one by means of analysis of background radiation • 
in the. X-ray diagrarn. Most of the properties of cellulose mainly moisture absorp-. 
tion, swelling and elasticity have since been ascribed to, the amorphous phase; 
the crystalline' parts being assumed as perfect and inviolable to moisture, 
mild chernicaL teeatmenti-and ineehanical stress. Even the possibility of mesomofr. 
phic state of differmt ibrders so clearly indicated in certain long chain liquid 
compounds has been ignored. Remembering also that a perfect crystal is an ideal 
state not attainable, in practice and the estimates of the crystalline proportion by 
various methods disagree widely,, the two-phase theory does not seem justifiable. 
The region, between crystallites here is expected to be as ill-defined as that between 
mosaic blocks in a single crystal or individual crystals in polycrystalline metals. \ 


Imperfection Density and Surface Structure : 

• : . Cellulose is composed of chain molecules of different lengths and ’ the building 
unit of the chains is the glucose anhydride residues joined together by 1-4 linkages. 
I[rom the knovra values of the energy, GxlO'^* ergs and the equilibrium, distance,' 
r< u -G-p-bqnd the strength of a cellulose chain liable to rupture at the 
-G-0-G-. bridge connecting the glucose rings is calculated to be 2'4xl0“‘ dynes. 
Assuming the arrangenient of the chains in the lattice as given by Meyer and Mark, 
there are. 3 X 10“ chains passing through an area of 1 cm*. Thus the calculated’ 
strength of cellulose' is 7-2 X 10“ dynes/cm* which is 8-10 times higher' than. the 
observed values for the native fibres. Again, the strength as calculated on the 
assumption of rupture due to breakages of only secondary valence bonds between 
the chains is too low. The discrepancy between, the experimental and theoretical 
values can be reconciled if it is remembered that the limit of the breaking strength 
IS determined by the imperfections in the crystals. , Similarly, calculation of the 
strCn^h across the 100 plane of rock salt crystal from its potential energy— intera- 
tornic distance curves due to de Boer indicates a wide discrepancy betvyeen the. 
theoretical and observed values, the figures being 2‘4xl0“ dynes/cm* and 5 x10* 
dyn«/cm* respectively. This has also been attributed to crystalline imper- 

■ Our mvestigation into the tensile strength shows that both ramie and jute are 
orittie and therelore snaps before plastic deformation as a result of Concentration 
Di stress at some imperfections or defects in the materials. Applying the - theory of 
extreme values and assuming Gaussian distribution of the imperfection it has been 

[■93 ]■ 



possible to calculate the numerical density and the most prwWblc strength value ofc 
the imperfection. Thus 

, , ^ J^o.jcc M()S{ probable slrmglh 

' Ramie r iS'OxlU* «'3 gins/den. 

Jute . : 4'2 X 10® (>‘2 gins/d«n. 

The ramie fibre is characterised by the pre.sence of a far greater number of 
imperfections. If the imperfections arc crystalline in origin and assumed to arise 
from the flow and sticking together of dislocations of opposite signs as required by 
the theory of plasticity and work hardening of single crystals and {wlycrystalline 
metals due to Bragg, Taylor, Read and otlxers, the diifercncc in the numerical 
concentrations would suggest a. greater plastic deformation and hence strain harden- 
ing of ramie in the growth process. This view appears to find support fwim the 
niicroscopical observations of the surfaces of cotton, ramie and jute which show 
transverse bands in the case of the two purer fibres. In view »f the close similarity 
between fibres and metals at least with regard tc» the mechanical behaviours, as 
can: be safely assumed, it will not be unreasonable to regard the transverse surface 
parkings- as identical to the slip bands in crystal and metals due to plastic flow. 
VAT ^ qualitative estimate of the imperfection density of cotton, ramie and jute using 
Wakeham’s data for cotton and those from our experiments with ramie and jute 
indicates that- cotton is the most impcrfi-ct while jute is the least of the three. These 
considered along with the electron microscopic observations of the external surfaces 
of the. primary wall of cotton due to Rollins et al in which there arc innumerable 
transverse bands not extending to the level of the cellulose fibrils in the underlying 
layers would lead one to consider whether the idea of the plastic deformation and 
consequrat hax^ning in the growth process applied in these cases and thereby 
explained the difference in its magnitude between cotton and ramie. The excellent 
^cctron micrographs of the secondary walls of cotton, ramie atid sisal* due to' 
Mi^hlethaler should also be referred in this connection. It will be seen from these 
bat ramie has highly organized chain bundles Compared with cotton indicating a 
grea er pertection ; and sisal is a mutually inter-penctrating lignin-cellulose reinfiirccd 
• s rue ure with minute evenly dispersed pores. A jute fibre may be regarded as 
somewhat similar to sisal so far as the structure is concerned both being ligno- 
materials and the electron micrograph suggests that the fibres have a 
strength 1 lattice. The most probable 


Other Characteristics of Cotton, Ramie and Jute i 

he a^lcSv with ZLT f “‘'y* mcxtcnsible of the three fibres. From 

Ute^S^e mature of 

heSiSuIoiSS ■ to ™punty or impurities in the form of lignin and/or 

simultaniusly to L 

'train f^“uc and cotton suggests the effect of 

liaL ^, toS'^deLS?^^^^^ compared with jute and 

a compSad^ sLv immersed . m water. This is clearly seU from. 

P dy of the X-ray diagrams of the fibre at ordinary and s.nturated, 
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huinidity which sh^ws that for ramie -tire ihtensity outlie reflections oh- tke pHnafer 

r.r^ “ s^ttCTing bands as a result of moisture absorption : with iute nosi.rh 
1 ? noticeable. It appears therefore that the lattice of bir^ 
SSs^wWb^"'^ W support of this contention we have other 

^ ^ powerful. The results of measurement of Ion v 

1 swellmg of ramie and jute in water after due consideration 

swell! the secondary w!ir 

of^rittv!^ m the case of jute. Further, the study of kinetics of acetvlation 

conditions of concentration and' temner'ature of 

acetylating liquor and imtial moisture content of the samples suggests two different 

Pr‘'*“r iccor5i5 ,?,lS“he p:S 

into th. .itlT piac« with the fibre molecules in cotton while they mwrate 

eal! if/-® ready to receive them in jute. Activation energy of hcetvlS a! 

is ceSSv V cal/mole and jute- 12816 cal/mole^^ The difference 

certamly due to the energy expended in cotton for pushing apart and aCcommnrli 

oS.™ f oP" “•‘“•'■'*»P«»<>f‘finacet5lulm“r;e, aSukr 

to those for concentration dependent and anomalous diffusioh the theory Of Sch 
developed by Crank. Hartley and others -while foHSrthe-hdrvh^^^^ 

connmitwi^r^^^^^ .nd b^riih 

ng IS greater for jute, the relaxation after a given time bemg less The 

288 X lO-' and jutc - 48 X 10- the specimen l^h of each being 6 cm ' ” ' 

Effect of Moisture : 

nhs<ar™,f^/^ relaxed to equilibrium at either 75% or 0% relative humidity has been 
tliat 1 ° when immersed subsequently in dry benzene. This indicates 

when combine with and remove the water molecules evten 

tli<a coni^tration of moisture is very low (e. g. less than 0‘5%) as in 

the fibre conditioned at 0% relative humidity. The results tend to suggesi thS 
thp rpllnl T current opinion water and benzene can enter into combination with 
aLn S^i a view to Obtaining the more direct evidence we haVe 

dftv nnri of ’^s.mie fibre at first conditioned at room hum- 

when immersed in benzene. The sharp photograph of the fibre in 
rficr ri' With that at room humidity confirms our original suggestion 

regarding accessibility of the cellulose lattice to water and benzene moleculfs^ 

S' structure of native cellulose due to Meyer and Mark in which the 

diSw Te'inr2^5F''*n8^^ hydrogen-bonded in the ab plane, the shortest atemic 
tiarHK? 2 5A and the nearest atomic distance in the be plane is StI leaves 

^ ^ for benzene molecules to take part in the lattice. ' The water 

into- Meyer and Mark 

distort explain how they can snap the hydrogen bonds and 

hon^!V • one assumes that the cellulose chains are not hydrogen- 

,^ot irregularly twisted at the lattice points. The ease of 

;« /> K- from the lattice as with benzene leads to suggest that the water 

dessJJmLg of thfs™ t”’'' ““ “ ' *' “ 
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in tlie light of the hitherto accepted interpretation cellulose samples of diife 
rent origin are regarded as different only in respect of orientation and perhaps 
Crystal size. We have, however, noted that there are more basic differences in the 
structure as can be seen from the intensity aird spacing of the new reflection. Thus 
for ramie film, cotton and ramie fibres the following order has been observed : 



Inknsiiy 

Spadng 

Ramie film : 

Htrong 

12-8A 

Cotton fibre : 

medium 

13*lX 

Ramie fibre 

weak 

I3-7X 


Considered along witV the observation that absorption of moisture incrc* ses the 
spacing (e.g. in cotton from 13-1 A at room humidity to 13‘4X under saturated con- 
dition) as well as distorts the lattice resulting m increased diffuse scattering and 
correspondingly reduced intensity of the reflection, the above can be explained for 
the moisture absorption and swelling increases in the same (»rdcr from ramie film 
to ramie fibre. But it is not clearly understood why the different samples vary with 
regard to the factors just mentioned. There is however the possibility of mixed 
crystallization with varying quantity of non-cellulosic substance which i* perhaps 
relatively more hygroscopic, the case being somewhat similar to the solid solution 
of metals m which there is expansion or contraction of lattice l>y the presence of 
alloying impurity. In this regard the ramie film on account of its being prepared 
by the hydrolyuc degradation method is perhaps the purest form. The extreme 
degree of mixed crystallization is noticed in cither native or completely deligniW 
jute having the moisture content, non-cellulosic impurity and generally diffuse 
scattering at their maximum. As an evidence in support of the assumed hvitros- 
copicity of the impurity we may refer to the work due to Scott on the X-ray 
study of pure xylan. The unit cell expands on moisture alisorptlon as indicated 



a 

b 

u 

c 


Dehydrated xylan ; 

7-6X 

10'2X 

6-7X 

83“ 

Xylan at room 

humidity ; 

8'OX 

10'2X 

7'OX 

87* 

Probable Crystal Symmetry : 

The lattice parameters at room 
1954) are as follows 

humidity 

as previously given 

(Sen and Roy 


a 

b 

c 


Native ramie : 

15-8X 

10-3X 

12-5X 

60*- 

Merp^rized 

ramie 

16-3X 
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10-3X 

9>0X 

64“ 



The caifculated . 
have been given earlier 


spacihgs and their indices as 
aad -R^ shown in Table 1 and 2. Con- 


eroutf^VnK cellulose it is rather difficult to determine the snace 

^abU 1 Ind sfKaS to X‘'fon2^|''^cSrL?°“Tri^ 
ponZgTr+t=odd of reflections corres- 


Table 1, hkl, deal 

and dcb« 

Values (Native Ramie) 

,hkl (j 

cai.(Xj 

dol,B.(X) 

,' r loo (W) 

13-68 

'13-70 

(VW) 

10-82 

10-80 

‘"lOO.,,,.,, 

201 

6- 84 

7- 74 

7-'50 

^<^2 Si 

202 

5-87 

.5-90 

■ 6-01 

■002 (Sj 

.5;41 

. .-5-43 

402 

3-93 

3-87 

- -3-96 

404 (W) 

-2:79 

. - 2-65 

606 (Wj 

1-96 

1-96 

014 tW; 

2-62 

2-64 

211 (Wl 

6:19 

6-15 

221 (M, 

'4l29 

4-31 

321 

023 

2-95 

.2-96 

2-88 

231 (M) • ■ 

’3-14 

3-22 

135 tW; 

2-69 

■ '. : 2-65 • . : 

■ * 331 

032 

2-87 ' 
2-90 

. 2-96 

145 (W) 

'2-21 ’ 

•- 2-18 

Ml '^'W) 

2-31 

2-33 

2-35 

VW=very week, W=weak, M= 

[ 

: medium, S 

97 J 

=strong, VS=:veiiy strong* 



I’able 2. hkl, doai and dobs Values (Mercerised Ramie) 


hkl 

do»i (X) 

dob* (X) 

100 (W) 

14-65 

14'60 

200 (S) 

7-33 

7-35 

2 S 2 (VS) 

4-39 

4-46 

4-42 

002 (VS) 

4-04 

4-03 

003 (VW) 

404 (M) 

2-70 

2-23 

2-{»(i 

2-21 

210 (W) 

5-97 

(>•02 

012 (Wj 

3-77 

3-78 

412 (VW) 

3-41 

3-38 

212 (VW) 

2-90 

2-91 

5 I 3 

2-52 

2-56 

2-57 

613 (W) 

2-35 

2*39 

021 (S) 

4-34 

4-35 

221 (M) 

3-40 

3-41 

321 (W) 

2-92 

2*98 

223 (W) 

2-59 

2-58 

023 (VW) 

2-39 

2-38 

031 (M) 

3-16- 

3-14 

Isi (W) 

2-71 

2-62 

2-62 


VW_very weak, W=zwcak, M=medium, S=itrong, VSavery Mrong 

lies in the 

ymrnetry of the crystal and also the dissipation of energy in the difruse sc'ittfrintr 

rmn*?' ''<■*'><««■ ac jut. “ “uhcJ rigid S'",* 

^’J^fror^f""' »SVV*p “«°‘hS°'‘S\ufneto cT^mIT iSioil 

£1 ;sra^^rii'i«ss 


primary 


Partially Acetylated Fibres : 
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will be seen that there is a diffuse band in the region corresponding to the sharp 
reflection in the native cotton and ramie ; in jute the reflection becomes^ srharper as 
a result of such treatment. The reason is obvious when the effect is considered 
from the previously discussed characteristic response of the two types of fibres. The 
swelling treatment involved in the acetylation disturbs and distorts the lattice planes 
of the pure cellulose specimens ; whereas jute being rather rigid does not show 
such distortion and disturbance but indicates the general increase in the intensity 
of the reflection the cause of which perhaps lies in the increased structure factor as a 
result of acetylation. In this conection we might add that the mild acetylation 
treatment as used cannot be assumed even for the sake of argument to regenerate a 
cellulose of altogether different structure. 

CONCLUSION 

We thus find that the experimental evidences in support of the new structure 
as proposed earlier are quite strong. The theoretical justification for it also appears 
to be sound. The proposed structure not only explains the new facts regarding 
intensity and spacing changes in the X-ray diagrams hitherto unobserved but opens 
the field for further work in explaining the effect of moisture absorption, non- 
cellulosic inclusion and mechanical stress. The possibility of connection between 
the molecular structure and surface property is tentatively suggested, which is more 
or less an established fact in the case of metals and some inorganic crystal s. It is 
expected that future work using recent techniques of X-ray, electron microscopy 
and infra-red absorption would unfold many of the yet unresolved details of the 
structure of cellulose and cellulosic fibres. 
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ON THE THERMOLUMINESCENCE AND TRAPPING 
MECHANISMS OF ALKALIHALDES 


% 

H. N. BOSH and A. L. L ASKAR 
Indiati Institute of Technolo^, Khma^ur 
(Communicated by Prof, K. Banerjee) 

Read at the Silver Jubilee Session on 27th December 1955 at the UnimrsUy of Luckmm 


ABSTKACr 

Thermoluminescence of sodium chloride (Harshaw) excited by 5-10 K,V 
■cathode rays "at liquid nitrogen temperature has been measured with different 
rates of heating. The experimental procedure is similar to that developed by Bose 
& Sharma (1950, 1953, 1955 . The determination of and septtrately from 
the shape of the thermoluminescence curves with diffemit rates of lieating has been 
^tempted by extending the method originally due to Randall and Wilkins (1945), 
On analysing the experimental results, it has beem fnmd that the value of ‘S’, (in 
the way it has been introduced in the theory of phosphorescence and tltctnnolumi- 
nescence) appears to be rather strongly dependent on temperature and rate of 
heating. This implies that the existing methods of determining trap depths may 
not be applicable ^ in all cases, though in particular type.s of phosphors the methods 
are ^^P^^ted to yield correct results. It has been suggested that the explanation 
lor such difference in behaviour should be found in the characteristics of the cor- 
responding trapping mechanisms. The low temperature glow peak of icidium- 
choloride which forms the subject of investigation in the present paper, is due to 
n yi-centre i. e. a ‘hole' trapped in a positive ion vacancy ; toe behaviour of such 
a trapping mechanism, where trap depth itself is likely to be an tem- 

peratme and environment, is expected to be different. The effect <»f particle size 
an the thickness of the sample has also been discussed in relation to the rate of 


INTRODUCTION 

. Thermal and optical stimulation of a phosphor which has lieen previously 
excited by ultraviolet radiations. X-rays or any high energy particles, offers a 
straight forward method of studying the behaviour and characteristics of trapping 
mechanisms of the various types of phosphors under different conditions. The 
corresponding trap depths responsible for energy storage in phosphors on excitation 
and subsequent release of energy with or without stimulation, can also be estimated 
m many sinople cases. The decay of long period phosphorescence intensity is 
supposed to be due mainly to the mean time spent by the captured tdectrons in the 
trapping states inside the crystal. Assuming that the prol)abiHty of escape from 

^ depth ‘E’ at a temperature ‘T' be given by, Sc the decay law for 

p osphors m which the probability of retrapping is negligible, should be given l>y 

t, W ] 





: ; ' , '•■, ■ t.L^ ,-• :„' ^ ^ ^ '‘Z ■ ■ 

■ , . S “ ' ■ / (2) 

where; N=numfecr of Straps in the phosphors,- Hq =5= numbers of elearons initiallv 
trapped. . . t . 

nW »»<i bimolecular decay laws as is aclually 

& '£!t .SS;SXw« 

samn/e fs ^JLi^l"^°'*® ^^entially based on the same principle. If the 

temperature is gi>en intensity at any 


I = n^G exp 


[-/■ 


e/kt 


Se 


" E^KT 


(3j 


heatii^'' ^ trap depth ‘E’ in the absence of retrapping, /8 being the rate of 

(Garli!^^?94^^ effect of retrapping, is not negligible, the expressing becomes 


1= NSe~^ 

/ .N_+ 

^ no J 


- e/kf 


T e/kf 


(4) 


dT 


appro^rnTtei^to**? f?ra ^ (1945), the equation (3) can be reduced 

; E-KT^LogS. [l+f (S,;8)J 

where is the temperature corresponding to maximum emission, ‘log S’ and f (S, ;8> 
Snditfons!'^’'^''™^*^^’' estimated by performing the experiment under different 

and (^^fw^dtff^en? vaTu^s of ^ theoretical cutves for (3). 
values of ‘E’ and ‘S’ could be estim-fi^H if ^ particular rate of heatmg so that the 
moluminescence curve Th ^ compansion with the experimental ther- 

ummescence curve. The other alternative method followed by many authors is 

p og I vs for the early part of the therraoluminescence curve and 
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determine the ‘fe’ from the corresponding slope of the plotted cnrvt. Hill and 
Schwed, (1955), utilised this method in studying diffcrait piirts «f the thermolumin 
cescence curve by alternate heating and cooling. 'Hie diflerriw methods in nractic" 
have been ably summarised by Curie & Curie (1955j and they have also develooed 
a method of determining ‘fi’ by varying the rate of heating. One of the pregem 
authors (Bose unpublished work) has also developed a rnimher «if methods for 
determining ‘S’ and ‘E’ separately from thermolumincsccnce and decay experiments 
The following expressions can be duduced from (1) and (3) or (4), assuming tli it ‘S’ 
7 Randall and Wilkins 


w *■ *' + ‘r’' 

(6) 

■ 1.“' 

(7) 

E/KT* c- 

L/KI ... . 

(8. 

E/K'f » ffi* - • 

i8T» ~ i0'I ^ 

(9) 


a (Tj = after glow decay constant Se at temperature ‘T’ where 

A - I .-gvp 


^ and are the rates of heating while I and I' are the corresncMidimr tbermrw 
lummescence intensity, and the cq. (9) is applicable for rrtrapping .mly^ ^ ” 

The present authors have been engaged in determining the values of ‘E’ anH ‘d* 
from thermolummcscence and phosDhoresci^nrf^ fiT ' »' i ^ 

with the help of the expressions (rf7) anr(m^ cathode rays 

found „ be ^ligibU in^uch 

been found that the values obtained from diff».roto 'rv^r*. "‘ pessary. It has 

varies within wide limits beyond .the range ™fexoerinicmtrer^., * ‘* n"™® ^ 
able disagreement between ^e values o/e or?"’ dSnltlf V ^ **' 

According to Hill and Schw^^dX vli.wr r <o. »>' various authors. 

case of imnSiSr It £ ^Sfu) thXr "I" “ 

.0 e,nn.i„e .be vnlidVoVSI^t’ 

sufficient experimental evidence' thjit tK# r * • • 

negligible m these phosphors, the equation (3) has been mod fw tl^is a 

this can be written m the form ^ » ^is oven usea tor this purpose and 


E/KT* - 


1 dl 

r dT' 


KT* 


S „ ' E/Kr 1 ds 

(3 S ' ar 


- .L == Of " 1 s 

I • dt - * s- di 


.( 10 ) 
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If S indcperideat of, or' a sloW fuj^icai of tempefatufe and ranee of 
temperature involved in tfe Measurement snaall^ tfee feontfibu’tipn due to the chinges 
. 1 dS , ‘ . 

can be heglected so ^at ■ - I . ■ • ‘ 

/ ffE I dl \' e/kt : : > . ’ 

\KT* r ■$"/® =S. (11) 

In the orient work thefmolumitescence of wdinmchioride excited by cathode" 
rays at liquid mtr^®t temperatures has been studied for different rates of heatihe 
with a view to study the consistency of the relations, ( 10 ) and ( 11 ). r 

.r experimental METHOD - 

f demoumable mthode ray tube with double walled tubular sample holder 

Tn j - (1950) has beenuLdin S 

KI, a thin .layer pf. the powdered 

"“f uniform^ of temperarurrat 
ch^W^nled^^h-^^*^ could be attained (Bose, 1950). Sodium 

sSZtrZli TU obtained from Harshaw chemical in the form of 

-I ^ ^ specimen was excited by low energy cathode rays (5 kv) at 

temperature ,• the thermoluminescence intensity and the temperature 
was recorded simultaneously on a photographic paper mourned 
on a rotating drum ; the photomultiplier tubes IP 21-, 931A etc. with the usual 
andard type of electronic circuits were used for this purpose and the details of the 
experimental procedure were similar to that described by Bose (1950). 

RESULTS AND DISCUSSIONS 

. The thermoluminescence of sodium chloride rxrit-f>H hir 
glow at^^efoK 

separated from each other (Bose ISSS") and the tln'rd^n^. t ** peaks are all 

.he eff« of the o.h„ glo^plSa^T'Lt.dt ^TheSet 

“s; 

/ iSE 1 div , , e/kt 

NKT2 ” T dt) t^/K-TJ, (say, ye ' 


) 


2I.KT. which is an approahnate 

SgircESfFrrE^I- \ 

o IS ratner strongly dependent on temperature as well as rate of heating. 
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Thus the results seem to confirm the suspicion that the present methods of 
determining the trap depths of phosphors, based primai’ily on the fact that the rate 

of release of electrons is proportional to Se may not be suitable in all cases. 

The possible explanation for such a behavhmr in the, s<)diun> chloride may be 
found in the mechanism responsible for this glow peak. There is experimental 
evidence to believe that this glow peak in sodium chloride is due to V, -centres i e 
positive holes trapped at positive ion vacancies caused by excitation. On thermal 
stimulation the positive hole is released from the trap and is free t*i wander through 
the lattice until it reaches a position where recombination occurs producing emission. 
The stability of such trapping centres is strongly dependent on the temperature and 
environment which implies that the trap depth ‘E’ is determined by the temperature 
and possibly to a certain extent by the concentration also. Further the value of ‘S’ 
for a trapped hole may ako be different from that for a trapped electron. Further 
the continuous variation in the temperature of the phosphor inherent in the method 
makes it difficult for the sample to attain equilibrium or uniform temperature 
throughout its entire volume at any stage ; the effect will de|iend on the thickness 
c. and particle size of the phosphor, riie reasons for the dependence of 

‘h on the rate of heating may thus be understood. 


The situation will however be dillercnt in cases of those trapping states which 
are similar to the forbidden or mctastablc optical states ; long period phosphore- 
scence of organic phosphors and activated phosphors having localised impurity levels 
my be due to such traps In these cases ihc trap depths are comparatively sharp 
yd practically independent of temperature. I'he present methods of determining 

to bc quite suitable in such 
problem^ investigations arc m progress to examine the various aspects of the 


TABLE I 


Data mresponding to Pig /. 
^=^rato of heating-. 1-47®C1/8cc. 
Tm** — Peak temp ^ 1 65' K 
E^21KTa,,-^0-4785x lO'H ergs. 


T^K 

^ dl 

^ dt 
scc-i 

149-6°k 

0-1972 

154 

0-1766 

156-4 

0-1617 

160-0 

0-1029 

162-4 

0-0342 

165-0 

0 

168-4 

-0-05145 

172-0 

-0-0818 

174-3 

• -0-1078 

177-0 

-0-1258 

180 

-0-1457 


E 

'Tfi 

.sec"* 




0-221t) 

0'2148 

0-2083 

()T99() 

0T920 

0-1871 

0-1797 

0-1722 

•0-1(177 

0-162(> 

0-1572 


.1 


sec 


0-0244 

0-0382 

0-(HW 

0*0961 

0-1578 

0-1871 

0-23115 

0*2540 

0*2755 

0*2884 

0*3029 



TABLE II 

Data eorr 0 itjmdmg, to Fig. 2. 
^=rate of lieatiiag]=2r62°0/sec. 


E«0‘4728?< lO-iVergs. ' 


t°k 

1 dl 

1 it 

KT»^ 

y 

149'8 

0-3234 

0-3996 

0-0762 

153-9 

0-2830 

0-03785 

0-0955 

156'4 

0-1887 

0-3667 . 

0-1780 

157-9 

0-1415 

0-3613 I 

0-2198 

1^-1 

0-0671 

0-3503 

0-2832 

163-2 

0 

0-3376 

0-3376 ' 

165-2 

-0-0452 

0-3286 

0-3738 ‘ ■ 

167-9 

- 0-0959 

0-3182 

0-4142 

173-7 

-0-1258 

0-2973 

0-4231 

184 

-0-2096 

0-2650 

0-4746 

187-7 

- 0-2902 

0-2546 

0-5448 


TABLE III 

Data corresponding to Fig. 3. 
^=rate of heatmg=3'6®C/sec. 
Truax— 165’2^K 


E=0-479 xl0*« ergs. 



1 dl 

F ^ 


T°K 

I * dt 


y 


sec’^ 

sec'^ 

sec ^ 

149-7 

0-4541 

0*5573 

1*032 

154-2 

0-3620 

0-5254 

0-1634 

159-2 

0-1925 

0-4926 

0-3001 

165-2 

0 

0-4500 

0-4500 

177-8 

-0-1063 

0-3957 

0-5012 

184-1 

- 0-2065 

0-3685 

0-5750 

190-0 

- 0-4062 

0-3458 

0-7520 
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TABLE IV 


Dala corresponding to Fig. 4. 
/ 8 w 5 ' 13 °C/sec. 
T™.,=164‘’K. 
E^0-4755x lO'*’^ ergs. 


T"K 

1 dl 

I dt“ 

.sec-' 

8 

y 

sec-* 

149'6 

0-5899 

0-7879 

0-1980 

153-2 

0-5022 

0-7572 

0-2490 

159-2 

0-1753 

0-6955 

0-5202 

164-0 

n 

0-6130 

0-6130 

171-8 

~ 0-()2('>() 

0-5974 

0-6240 

175-0 

-0-1622 

0-5758 

0*7380 

178-2 

- 0-2460 

0-5550 

o-»no 

181-1 

-0-2926 

0-5374 

0-83{X) 
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Fig. 1. 

Thermoluminescence Curve 
of NaCI (Harshaw) 
Excited at 86 
rate of heating ==1-47®, 




ZeRO of QALVANOMCTCR 

Fig 3. 

T hcrmolumincsccncc Curve of NaCl for ^e=3'6*C/Scc. 


Wi'k 
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Fig 4. 

T hermolumincscence of NaCl for i8=5-13»c;!/S«;c, 
[ 108 ] 









LATTICE DISORDERS IN KAOLINITE 


By 
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SUMMARY 

Microphotometric records of X-ray diffraction photograph* of Kaolbitc have been criticalJy 
examined By eliminating the broadening* due to geometrical fietore ai wM to particle siy.e 
rfe“te from the experimenfal curve,, the intensity dbtrlbutioni due to Jattke defects only have W 
studied. It ha* been observed that a disordered lattice is coexistent with the ordered one The 
dhordered lattice is found to consist of a stacking of (001) planes having random orientation. 
Occassional shifts by 1/3 b’ in the ‘b’ directi.m have also been observed. 


INTRODUCTION 

Crystals having layer type lattice are prone to devekip structwral defects. 
The intraplanar binding is generally .strong whereas the mterplanar binding is, 
as a rule, weak. Consequently, there is every likely-hood of one layer being 
either displaced, rotated or shifted with respect to a consecutive layer. In fact 
such defects have been detected in many layer type lattices e.g. of graphite, hexagonal 
cobalt, montmorillonite etc. 

Kaolinite has been found by Cnmer (1932) and Brindley and Robinson (1 94(1) 
to be composed of stackings of ‘Kaolin’ layers proposed by Pauling (1930). The 
‘Kaolin’ layer consists of a hexagonal network of Si-0 tctrsihedron with a superposed 
layer of A1-0,0H octahedra sharing the oxygen atoms at the apices of the tetra- 
hedron. It is natural to expect mistakes in the stacking of these, layers and such 
mistakes have actually been observed in associated minerals like lireclay and 
mefahalloysite. It has been our aim in this paper to investigah! whether such 
defects occur in the layer lattice of ‘Kaolinite’. 

It is well known that the broadness of a line in a powder diirraction diagram 
of a polycrystalline substance is due to three factors viz., (1) Geometrical broaden- 
ing due to finite slit width, sample size, divergence of the beam etc. ('2) Particle 
size broadening due to smallness of crystallite size and (3) Defect broadening due 
to extension in the reciprocal lattice space around reciprocal lattice points caused 
by mistakes in perodicity. In this investigation we have determined th<* liroaden- 
ing due to lattice defects by eliminating from the observed line broatiming those 
due to the other two causes. 


II. EXPERIMENTAL 

I. Characterstics of the powder pattern. 

Several samples of Kaolinite from Singbhum, India were examined by the 
X-ray powder diffraction method. Some of the samples were mixed up for the 
purpose of calibration with powdered Aluminium in the mass ratio of Kaolinite: 
Aluminium as 4:1. For the purpose of taking diffraction diagrams filtered copper 
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aScWellas Molybdenum rays were used. The camera radius was approximately 

int^sity in the powdet patterns wa^ determined with the 

reixaminS’^wXleZIn^T^ however were 

re examined with the help of a Hilger non-recording microphotometer. 

diffraction pattern were indexed on the basis of the unit cell 
Fhe differenfnlane.fi'P^ Robinson (1946). The tnicrophotonletric curves for 

tmne from the point of the line profile the reflec 

tions can be divided into three categories ' P^on^e tne renec- 

line profiles are slightly asymmetrical and the 
reflections occupy a wide scattering domain in the reciprocal space, 

_ having 1^0.— The intensity distribution curves rise rather 

from the low angle side and tail off in the larve ansle side The n looni 
(060) »d (300, resection, are rather .harp whSS “1(110; Tm and ‘rSm'l 
reflections are comparatively broad. ^ (olO) 

in nat2e"'™e'1l1'lr;T5^'.lH^O?S“V'^'"“"^ reflection, are di..imilar 

I nature, iiae ( 133 ;, ( 134 ) and (033) reflections are more or less svmm(-tri>al 

and comparatively sharp. Other reflections are asymmetrical and broad.^ ^ 

.2. Correction for Geometrical broadening. 

■ ^ Geometrical broadening was accounted for by taking X-ray diffraction 

photograph of powdered quartz m the same camera and under identical condhSns 
ofradms of sample cylinder, slit width of the collimator etc. Due to the SeSv^ 
hardness of quartz, the particle size remained rather big. Thus there rm,lH hT .r 
possible size br(iadening of the difrra(:tion lines. Moreover since Ae quartz sample 
was specially selected for its perfection in crystal structure, there could not be anv 
defect broadening. Thus, the broadening of the lints in the diffraction nattern 
was entirely due to geometrical reasons. The geometrical broadening at var£m 
angles was determmed microphotometncally from the diflfraction pattern and 
plotted against the angles. \ 


3. Correction for particle size broadening. 

(a) The determination of particle size— The apparent particle size s was determined 

from the well known Scherrer formula where A is the wave length^ used; 

/? the half intensity width of the reflection and 6^ the Bragg. angle. From-^ the 
real particle dimension 6 was determined with the help of an equation developed 
by Stokes and Wilson (1942j according to which 


V(,h* -h k* + 1") (6h» - 2hk + kl - 21h) 

6h® ' ^ P 

( hkl ) being the indices of (the reflection. The indices are in the order h>k>l 
The physical meaning of p is that it signifies the linear extension of the crystaUit^ 
in the ( hkl ) direction. , . - . ■' 

(b) Line profile for particle size extension . — The line profile of an (hkl) reflcclion 
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by a crystalite of particle dimension p has been deduced by Wilson (1949; 
according to whom: 


2*uh^ ~^' [?■ -I.— 


where ^ = (TTps ^/hHk*'^■^*)7h 


1 hk-2 kl +lh Q. 3 kl ^ 

. ^ . Sm 2^^ - (l-*Cos2fO J 


U is the volume of the unit cell and I(s) the intensity at a point in the scatter- 
ing domain at a distance S from the reciprocal lattice point c<»rrespondirig to (hkl). 

The line profile for reflection from (ITO) plane of Kaolinite after corrections 
for geometrical and particle size broadenings are shf)wn in Fig. 2. 


Ilf. DISCUSSION 

1. The Basal Reflection— The particle size corresponding to (031)^^^ (002 « and 
(004) reflections have been determined to be 28 A.U., 36 A.U* and 105 A* U# res- 
pectively i.e. 4,5 and 15 layers thick. Whereas the particle size determined from 

the (001) and (002) reflectiom are not very different, the particle size determined 

from (004) reflection is 3 to 4 times bigger. However tlie particle size determined 
from the (004) reflection seems to l)e more plausil)lc because If the particle were 
only 3 to 4 layer thick, the 'd' values of the (001; and (002; reflections would become 
larger than usual due to Lennard Jones shift. In the present case 
and doo2=3‘53 A.U. a little less than the usual values of 7T5 A.U* and 3\57 A.U. 
respectively. So the particle size cannot be as small as determined frmn the line 
breadth of (001) and 002) reflections. To test this point further microphoto- 
graphs of several diffraction photographs were examirud but tire results came to be 
the same. 

2. Characteristics of non-basal reflections— In both (hko) and (hkl) types of 
reflections, it is observed that the planes having ‘k’ as an integral multiple of 3 are 
rather sharp and symmetrical. This effect is much more pronounced in the case 
of (hko) type of reflections. It is further observed that in the case of (hko) reflec- 
tions the slope of the microphotometer curve is comparatively steep on the low 
angle side whereas the curve tails off on the larger angle side. The latter points 
to the probability of there being a disordered phase coexistant with the normal phase* 
The disordered phase has random orientation of planes perpendicular to the d-axis. 
The whole phase can not be completely disordered because, in that case, ^hkl; planes 
would have been non-existent and the microphotometric curves would rise much 
more sharply on the low angle side and their tailing off in tlie large angle side 
would be much more pronounced. 


Regarding the first point namely that only reflections with ♦k* a multiple of 3 
are sharp and regular, the conclusion that there has been a shift of the planes in 
the ‘b’ direction by an amount of becomes irresistible. Such displacement will 
not affect reflections with ^k’ an integral multiple of 3 because the atoms l)y this 
operation are placed at points capable of making cohex'ent scatterings with respect 
to similarly situated atoms. In short, such displacement will place atoms in regmar 
lattice points of the unit cell in case of reflections having k=^3n, n«C), 1, 2 , 3 ..”..,.* 
etc. and the intensity distribution will be symmetrical In the ewe of k*^3n 

n=0, 1, 2, 3 etc., the atoms will not be placed in regular lattice points and 

incoherent scattering from successive planes will occur, resulting in an asymmetry 



NafahSTrafta digUcanjents have al« b«„ obaarvad by 

has been assumed to be the same as that nJtK disordered phase 

the reflections examined, overlaprjeJwith other ?hkn 

contribution only of the reauired reflp^'t;rtn ha. ? ^ reflections. In such cases, the 
size to be the saLe for all the plrkpping reflectiSs. ' * accepting the particle 


IV. CONCLUSIONS 

Ser'^wUh^regiflarintop^^^^^ toSs? rfVoif pklS “ei^^ ^mcked ‘ tole^ 

/^+"u A 4 * planer distances but randomly oriented with rf'snppt tn 

t^LVlb.- “ *>' “ “>■» -f P'““ » a: VSaS'by 
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Fig 1. 

Experimental Line Profiles of Several Reflection# of Kaolinite. 



Experimetttal 

(Corrected for Geometrical Factor) 
Particle ike broadening only 
Defective lattice broadening only 


Fig 2. 

Defect Lattice Line Profile of (110) Plane of Kaolinite, 
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»I»ACE GROUP OP O-pplTHALtC ANHPDRmE 


By 

KBSHTO CHANDRA BANERJI 
! D$pariment of Physics, University of Allahabad 

(Commudicated by Prof. K. Banerjeo) 

(Itead at the Silver Jubilee Session at the University of Lucknow on 28th December 1955 ) m 

The crystal structure of 0-Phthalic Anhydride, CgH^ (00)^0, by X-ray diffmc- 
tion studies has not yet been worked out fully, although morphological and optical 
hy which it has been shown to belong to the orthorhombic system. 
Williams, Van Meter & McCrone (1952) found out the axial parameters of the 
a=7*90X b=14‘16A and cs=5‘94X by making use of the powder 
dittractipn method. These values were modified by Pandey (1954) by a careful 
determination from the single crystal rotation photographs about the three crystal- 
lographic axes, his values being a=7;86X, b=14-18X and c=5*904A. From the 
regularities m the absences of the s^ots in the normal-beam Weissenberg photographs 
about the three axes and the Equi-inclination photographs about the (0011 axis, he 
deduced the space group of 0-Phthalic Anhydride to be either - Pna or 
Puma. As only the latter of these two possesses a centre of symmetry, it was thought 
worthwhile to perform the statistical tests of Wilson (1949), and Howells, Phillips 
and Kogers (1950) to test whehter the crystal possesses a centre of symmetry or not, 
and^ remove the ambiguity in the Space group. In the present investigation a 
critical examination of the intensity distribution in the reflections in the above 
mentioned Weissenberg photographs was undertaken and the space group of 
o-Phthalic Anhydride deduced. r o 


STATISTICAL TESTS OF WiTSON AND ROGERS 

The relative integrated intensities of the spots in the normal beam Weissenberg 
photograph about the [010] axis were eye estimated with the aid of a standard 
®^^PP^d wedge using Cu K* radiation. The intensities with the corresponding 
structure Tactors were divided into groups of different Sin 0 ranges and the 
Wilsons Rati^c^, given by p=:(< | F | >)*/< I>, for the respective groups obtained. 
Lne values of Rogers’ (z)% were also computed for different planes in each of these 

groups and the values of N( 2 ^% obtained. 


results' 

The values of the Wilson’s Ratio for the (hoi) projection was found to be 
0-761, .which is in quite a good agreement with the theoretical value of m. 0-785 
for the non-centrosymmetric case. 

A plot of Rogers’ N(z)% against (z)%, gives a fairely close fit with the theore- 
tical curve for the non-centrosymmetric case. In fig (1), has been presented the 
mean curve for (hoi) projection. 
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Fig. (i) : (Z) /» Vdues for Ihe^ {hoi) Frojeedm oj 

0 — Phthalic Anhydride. 

The theoretical curves for the centrosyntmetric aud non- 
centrosymmetric case «re drawn in discontinuous line*. 

Thus the space group of 0-Phthalic Anhydride is shown to - I'oa, the non- 
centrosymmetric of the two. 

These tests were also perforimed for the (hko) prcjectiou and the presence of a 
centric distribution in this projection was confirmed, as it should have been, 

, Further work on the structure of 0-Phthalic Anhydride is in progress using 
Mo-radiation as the number of possible planes in the (hoi) projection is faircly 
low for this crystal for Gu-radiation. 

: The author is grateful to Prof. K. Bancrjcc, D.bc., F.N.I., who suggested 

this problem, for his guidance throughout the work. Thanks arc also due to Shri 
Bi. V. R. Murty and Shri S. C. Chakravarty for their interest in the work, and to 
the Government of India, Ministry of Education for financial flanit tane#., 
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